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Abstract 
GaInNAs grown on GaAs is particularly interesting because it can form the active region 
of 1.3 µm VCSELs for optical communication applications. However, much is still not 
known about the physical origin of the various recombination mechanisms present in 
GaInNAs and how their relative magnitudes depend on temperature and carrier density, n. 
For practical lasers, the key question is how large each process is at the lasing threshold. 
By measuring the power-law dependence of the threshold current on carrier density for 
MBE and MOVPE grown 1.3µm GaInNAs/GaAs-based semiconductor lasers as a 
function of temperature it was found that at low temperature (-430K), close to threshold, 
the current Iocn1.3.1.6 whereas for InGaAsP/InP devices, Iocn2 (radiatively dominated) over 
the same temperature range. This clearly shows that defect-related recombination (ocn) is 
very significant in GaInNAs/GaAs-based devices in contrast with InGaAsP/InP-based 
lasers. With increasing temperature the power dependence of the current increases such 
that at 300K (MOVPE) and 370K (MBE), Iocn2.6-2.8. This is consistent with the onset of 
Auger recombination for which Iccn3. By measuring the integrated spontaneous emission 
the monomolecular, radiative and Auger related current contributions at threshold were 
determined. It was found that the defect related current, Imono, contributes 55% (MBE) and 
37% (MOVPE) to Jth at room temperature (RT). The radiative recombination current, Ind, 
contributes 17% (MBE) and 13% (MOVPE) to Jth at RT. Finally the Auger recombination 
current IAuger contributes 28% (MBE) and 50% (MOVPE) to Jth at RT. Combining these 
results with theoretical gain modelling yields values for the recombination coefficients A, 
B and C as a function of temperature. The results suggest that an increased threshold 
carrier density, due to additional optical loss processes in the MOVPE grown material, 
can explain the strongly increased Auger recombination rate in the MOVPE grown 
devices. 
Hydrostatic pressure experiments show a sub-linear increase of Ejase with increasing 
pressure together with a strong increase of Jth. This is due to the pressure induced 
increasing influence of the nitrogen band on the conduction band dispersion and the 
electron effective mass, leading to an unusual increase of the Auger related current at 
threshold as a function of pressure. Using the recombination coefficients determined, a 
predictive model for the temperature and pressure dependence of Jth of GaInNAs/GaAs 
VCSELs was developed and good agreement with experiment is observed. 
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Chapter 1 
Introduction 
1.1 Motivation 
Data transmission via optical fibres forms the backbone of the World Wide Web. Whilst 
the long-haul connections between countries and continents have sufficient capacity, the 
ever increasing bandwidth demanded in modem local area (LAN) and metro area (MAN) 
networks is pushing existing technologies to their limits. Fibre networks based on 
standard GaAs/AlGaAs vertical cavity surface emitting laser (VCSEL) technology were 
designed to operate with transmission rates of up to 100 Mbit/s. To achieve the 1 to 10 
Gbit/s transmission rates and above nowadays demanded over the distances necessary (- 
10 km) it is not possible to use standard devices (GaAs/AlGaAs-based) emitting at 
850nm. To achieve the transmission distance required, the operating wavelength has to be 
in the 1.3µm or 1.55µm Transmission window, where standard silica based single mode 
fibre exhibits zero dispersion and minimum loss respectively'. Due to the high volume of 
emitters and receivers required for an upgrade of existing local and metro area networks, 
InGaAsP/InP based edge emitting lasers (EEL), as used in long distance communication, 
are unfavourable due to the high costs. Because of their strong temperature sensitivity 
InGaAsP/InP lasers usually require expensive temperature controlling equipment and the 
material system is less than ideal for the fabrication of VCSELs as the production of 
suitable Bragg-reflectors is very difficult, which is due to the inherent properties of the 
InGaAsP/InP heterostructures such as small difference in refractive indexes between 
lattice matched layers and relatively small heat conductivity of the InGaAsP layers. 
This situation motivated the development of long wavelength VCSELs based on the cost 
effective and well established GaAs material system. In recent years three main 
I 
approaches have been pursued: GaInNAs/GaAs quantum well (QW) lasers, InAs quantum 
dot lasers (QD) and Ga(In)AsSb QW lasers. In this thesis we will concentrate on the 
lasing properties of GaInNAs-based laser diodes. 
It was observed that incorporation of a dilute amount of N into the GaAs alloy 
significantly reduces its band gap energy2. This is a surprising result, as the band gap of 
GaN (Egr3.2eV)3 is larger than the band gap of GaAs (Eg-1.4eV)3. What is the origin of 
this band gap "bowing"? When the GaAsN alloy is formed, some of the arsenic atoms are 
replaced by nitrogen, which has very different characteristics. Its Bohr radius is about half 
the size of the arsenic atom and its electronegativity is significantly larger. This leads to 
the effect that, although the nitrogen is properly chemically bonded within the 
semiconductor crystal, it acts more like an impurity with separate energy levels above the 
bottom of the GaAs conduction band (CB). This leads to the formation of a nitrogen 
related band, which pushes the GaAs energy levels downwards and hence reduces the 
band gap energy. For nitrogen concentrations of about 2% the band gap of the GaAsN 
alloy approaches 1eV at room temperature. This makes this material system a candidate 
for semiconductor lasers emitting at the communications wavelength of 1.3µm. However 
due to large mismatch in the Bohr radius of the As and N atom and the low growth 
temperatures required the GaInNAs material is very difficult to grow, leading to poor 
material quality and corresponding high defect densities. In the last few years, advances in 
growth techniques have led to the development of GaInNAs edge-emitting lasers with 
threshold current densities as low as 200-300 A/cm2 4,5,6,7, which is comparable to those 
reported for InGaAsP-based lasers. A detailed historical review about the development of 
the device performance of long-wavelength GaInNAs-based semiconductor lasers will be 
given in chapter 4 of this thesis. However, much is still not known about the physical 
origin of the various carrier recombination mechanisms present in GaInNAs lasers and 
how their relative magnitudes depend on temperature and carrier density. For practical 
2 
lasers the key question is how large each process is at lasing threshold. In this thesis 
measurements and theoretical modeling will be presented that enable the determination of 
the various recombination processes at threshold and their variation with temperature and 
pressure. This helps to improve the present understanding of GaInNAs-based lasers and 
suggests various approaches that could be undertaken to improve their characteristics. 
1.2 Thesis Outline 
Chapter 2 gives an overview about the theory of operation and design of semiconductor 
lasers and the models used in the subsequent chapters. 
Chapter 3 considers the experimental techniques used to characterise the various 1.3µm 
GaInNAs-based semiconductor lasers investigated. Schematics of the experimental setups 
are illustrated and important issues such as the limitations and the practical implications 
of the various techniques are discussed. 
Chapter 4 gives an historical review of the development of the device performance of 
GaInNAs/GaAs quantum-well lasers, emitting in the telecommunication wavelength 
range of 1.3 -1.55µm. 
Chapter 5 discusses the temperature variation of the threshold current density and the 
lasing energy for the various GaInNAs-based edge-emitting lasers considered in this 
thesis. The characteristic temperature of the total current at threshold as a function of 
temperature is determined and the results are compared with those of 1.3µm InGaAsP/InP 
and AlGaInAs/InP based quantum-well lasers. 
3 
Chapter 6 determines the magnitudes of the monomolecular, radiative and Auger 
recombination current paths at threshold in MBE and MOVPE grown -1.3µm 
GaInNAs/GaAs-based semiconductor broad area lasers as a function of temperature by 
measuring the integrated spontaneous emission rate. It is found that defect-related 
recombination is very significant in GaInNAs/GaAs-based devices produced by either 
MBE or MOVPE in contrast with InGaAsP/InP-based lasers. We also find that Auger 
recombination is important at room temperature and above. By combining the 
experimental results with theoretical calculations of the carrier density at threshold, the 
recombination coefficients are calculated as a function of temperature. 
Chapter 7 investigates the hydrostatic pressure dependence of the threshold current and 
the lasing energy of an MBE grown 1.3µm GaInNAs ridge-waveguide laser. A 
pronounced sub-linear increase in the lasing photon energy with pressure is observed, 
which is due to the interaction of the conduction band minimum with a higher-lying 
N-related resonant band. In addition a strong and reversible increase of the threshold 
current with pressure is observed, which is associated with the increasing influence of the 
N-band on the conduction band dispersion. 
Chapter 8 studies the temperature and hydrostatic pressure dependence of the threshold 
current of GaInNAs/GaAs vertical-cavity surface-emitting lasers. The experimental 
results show the devices have a broad gain spectrum, resulting in a wide temperature 
operating range. Theoretical modelling of the results shows good agreement with the 
experiment. 
Chapter 9 concludes the thesis and gives suggestions for future work. 
4 
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Chapter 2 
Background Theory 
2.1 Introduction 
This chapter will supply the reader with the theoretical background information necessary 
to be able to understand the work presented in subsequent chapters. It illustrates and 
explains the basic theory of the design and operating principles of edge-emitting and 
vertical-cavity-surface-emitting semiconductor laser diodes. It also gives an introduction to 
the quaternary semiconductor compound GaInNAs (Gallium-Indium-Nitride-Arsenide). A 
more thorough examination of semiconductor laser theory and device physics including 
first principle derivations of the ideas presented here, can be found in several textbooks 
1specialising on this interesting aspect of solid state physicsý2,3. a, s 
2.2 Basic Principles of Semiconductor Lasers 
2.2.1 Electronic Transitions 
In a very simplified picture a semiconductor laser can be described as a system containing 
two bands of energy levels Ec (conduction band) and Ev (valence band) partially populated 
with electrons. In the case of an undoped ideal semiconductor at low temperatures all states 
in the valence band (VB) are filled with electrons and all states in the conduction band 
(CB) are empty. With increasing temperature the probability increases that electrons are 
thermally excited from the VB into the CB. As the typical electron-electron scattering time 
(tescat - 10"13 sec) is about four orders of magnitude smaller than the average electron-hole 
recombination times (i°rec - 10"9 sec) one can consider the electrons to be in thermal 
equilibrium with themselves and hence obey the Fermi-Dirac distribution. One can 
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Figure 2.1 
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Schematics of the spontaneous emission (i), absorption (ii) and 
stimulated emission (iii) processes in semiconductor lasers 
therefore write the probability ff, for a conduction band state of the energy E(, to be 
occupied by an electron as 
2.1 
exp +1 
() 
k1T 
where F(, is called the quasi Fermi level for electrons in the CB. 
As the hole-hole scattering times are of similar magnitude to that for electrons, one can 
write in the same way for the probability fv of a valence band state of the energy Ev to be 
occupied by an electron 
. 
f, =E (2.2) 
expkHT ` +1 
where Fv is called the Quasi Fermi Level for electrons in the VB. 
As long as the electrons and holes are in thermal equilibrium then F(- = Fv, however in an 
operating semiconductor laser this is not the case. 
In the framework of this simple two-band model there exist three possible processes by 
which electrons can interact with photons as shown in Figure 2.1. 
When an electron in the CB with the energy E( recombines spontaneously with a hole in 
the VB with the energy Ev a photon is emitted with an energy Ephtn equal to the energy 
difference E('- Ev. This process [Figure 2.1 (i)] produces a photon with random direction 
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and phase and is called spontaneous emission (SE). The spontaneous emission rate (rsE) 
will be proportional to both the density of electrons at Ec and the density of holes at Ev and 
can therefore be written as 
rse =AsEPcfc(1-fv)Pv (2.3) 
where pc and pv are the effective densities of states at Ec and Ev respectively and ASE is 
the Einstein coefficient for spontaneous emission. 
The second process [Figure 2.1 (ii)] is called absorption, which occurs when an electron in 
the VB with the energy Ev is excited into a CB state with the energy Ec by absorbing a 
photon with the energy Ephoto = EC - Ev. This process is proportional to the density of 
electrons at Ev, the density of empty states at EC and the density of photons (P) with the 
right energy Eabs = Ec-Ev. Hence the absorption rate rebs can be written as 
rabs = Babs PV Iv (1- . 
fc )P C P(EP,, 010) 
(2.4) 
where P(Eabs) is the density of photons with an energy Ephoton = by = Ec-Ev and Babs is the 
Einstein coefficient for the absorption process. 
The third process [Figure 2.1 (iii)] occurs when a photon stimulates an electron in the CB 
to recombine with a hole in the VB creating a photon with the same energy. In contrast to 
spontaneous emission the momentum and phase of the photon emitted in this process is not 
random but equal to the incident photon, resulting in an amplification of the light. The 
probability of this process occuring is proportional to the density of electrons at Ec, the 
density of holes at Ev and the density of photons with the energy Ephoto = Ec-Ev. So the 
stimulated emission rate can be written 
rs, im = 
BStim p cfc 
(1 - fv )P v P(Epho, », 
) (2.5) 
where Bstjm is the Einstein coefficient for stimulated emission. 
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Further to this it can be shown that the Einstein coefficients for absorption and stimulated 
emission are identical yielding Bstjm = B. bs . (2.6) 
2.2.2 Population Inversion and Gain 
At room temperature in a semiconductor it is found that fv » fc . As a consequence of 
using equations (2.3 - 2.5) it can be seen that absorption is much more likely than 
emission. In order to get light amplification or gain in a semiconductor material at a given 
energy E= Ec-Ev a condition is required where the stimulated emission rate rs, jm(E) is 
larger than the absorption rate rabs(E), which effectively means that there have to be more 
electrons at Ec than there are at Ev. This condition is called population inversion and exists 
if 
rstim - tabs >0 (2.7) 
By substituting (2.4), (2.5) and (2.6) into (2.7) the following expression is obtained 
Bstim Pv Pc P(E8) [. fc -j]>° (2.8) 
which is true if fc > fv . By substituting (2.1) and 
(2.2) into this relation the following 
condition for positive optical gain in a semiconductor is given by 
Ec - Ev < Fc - Fv (2.9) 
and as Ec - Ev is equal to photon energy Ephoto (2.9) becomes 
Fc - Fv > 
EPhoton > E8 (2.10) 
which is known as the Bernard-Duraffourg6 condition for population inversion. When the 
separation of the Quasi Fermi Levels is equal to the emission energy (Fc - Fv = Ephoton ) 
this is called the transparency point. 
T, o achieve the necessary separation of the Quasi Fermi Levels one has to inject electrons 
into the CB and holes into the VB which can be done by applying an electrical current 
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("electrical pumping"), which is the method of choice for practical devices. Another 
approach is to create photo carriers by injecting photons with energies larger than the 
transition energies of the semiconductor. This method is called "optical pumping" and is 
mostly used in the development stage of semiconductor lasers, as its application does not 
require the processing of electrical contacts. 
Gain 
gmax 
Y 
Absorption 
Fig. 2.2 : Schematic of the gain as a function of photon energy for a given 
carrier concentration. For energies larger Ei and smaller F.: F,. 
the photon experiences gain and for even larger photon energies 
absorption. 
In Figure 2.2 a schematic of the resulting gain as a function of photon energy is plotted 
when the gain medium is optically or electrically pumped beyond the transparency point. 
Photons with energies smaller than Eg are neither absorbed nor amplified as there are no 
allowed states in the band gap for the electrons to occupy. If the photon energy is larger 
than the Quasi Fermi Level separation Fc-Fv the net gain becomes negative and the 
medium becomes absorbing. For photon energies larger than Eg and smaller than Fc-Fv the 
light experiences gain which peaks at an energy Emax. This maximum of the gain spectrum 
will determine the photon energy of the lasing emission of edge emitting lasers, which will 
be discussed in the next subchapter. 
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2.2.3 Optical Feedback and Threshold Gain 
The presence of optical gain in a material alone is not sufficient to achieve lasing. The 
second essential process that allows a laser to operate is optical feedback. This is generally 
achieved by forming a Fabry-Perot (FP) cavity around the gain medium as shown in 
figure 2.3. 
R1 <=1 71 19*-------- 
R2< 1 
ivi i rrors 
Gain Medium 
xX/2 '. L 
Figure 2.3 : Schematics of a Fabry-Perot Laser cavity 
Light 
The FP-cavity consists of two parallel mirrors with the reflectivity R, and R2 respectively 
and serves three main purposes. 
Firstly it causes a directional selection as only the photons with a momentum in the 
direction of the cavity axis are reflected hack and forth. 
Secondly it provides a selection of wavelengths (modes) as only the wavelengths which 
satisfy the condition 
_ ý[ 1. with x=1,2,3... (2.11) 
correspond to a longitudinal mode of the FP-cavity. These modes will experience 
constructive feedback. From equation (2.11) it can be derived that a cavity of length La, 
and refractive index µ can support a maximum wavelength of , max = 2-cav with a mode 
spacing A, of 
22 AA -i2.12) 2 ULcav 
where the mode that is closest to the maximum of the gain spectrum will lase. 
Finally the FP-cavity provides the means to extract the laser beam from the cavity by using 
only partially reflecting mirrors while it still reflects enough photons back into the cavity to 
keep the lasing process going. 
From the simple model, described in this chapter so far, it might be expected that, due to 
optical feedback, the number of photons travelling parallel to the cavity axis increases 
when the gain medium is pumped beyond the transparency point, hence in the condition of 
net stimulated emission. However, due to the partial reflectivity of at least one of the facets 
(necessary to get a light output from the device) there are some photons lost. Additionally 
there are loss processes in the cavity, which in case of a semiconductor laser, are due to 
free carrier absorption, scattering, inter-valence band absorption and other processes that 
will be discussed later in this chapter. 
The threshold gain of a laser is now defined as the modal gain necessary to achieve a 
cavity round trip gain equal to unity, or in other words, where the gain equals all the losses 
present in the device and can be written as 
. 13) 
1 
g,,, -I, a'+2L In 
(RIR2 
(2 
cav 
where o:; is the total internal loss per unit length, r is the optical confinement factor, which 
describes the fraction of the optical field that overlaps the active region, I, C8" is the cavity 
length and R1 and R2 are the reflectivity of the two mirrors that form the FP-cavity. When 
gt, is reached the carrier density in the active region becomes constant and every 
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additionally injected electron hole pair recombines to produce stimulated emission and the 
laser starts lasing. The required carrier density at this point is called the threshold carrier 
density, nth. 
In case of a gas laser the FP-cavity is formed by partially metallised mirrors between 
which is the optically active gas (for instance Argon, Helium or Neon). For a 
semiconductor this construction of an external cavity is generally not necessary. In 
Figure 2.4 the schematics of the two most common ways to create a FP-cavity with 
semiconductor material as the gain medium are drawn. 
Parat 1 
I 
(ii) VCSEL 
BR2 
DBR I 
Figure 2.4 : (i) Edge Emitting Laser (EEL) design using cleaved facets along a 
crystal plane to create FP-Cavity 
(ii) Vertical Cavity Surface Emitting Laser (VCSIE; L) design using 
distributed Bragg reflectors (UBR) to create the FP-cavity 
The most common design of semiconductor laser is the Edge Emitting Laser (EEL) where 
the cavity is formed from the active material itself by cleaving two ends of a 
semiconductor chip along the same crystallographic plane (Figure 2.4 (i)I. This process 
forms two facets that are parallel to each other on an atomic level of accuracy. The 
reflectivity of these "mirrors" is determined by the refractive index difference between the 
semiconductor and the surrounding material (usually air). For a typical Ill-V 
Gain Medium 
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Facet 2 
(i) EEL 
semiconductor laser in air the reflectivity of the facets is about 30%, which can be 
increased or decreased at will by applying reflective or non-reflective facet coatings. 
Another possibility is to grow stacks of thin semiconductor layers of alternating refractive 
index [Figure 2.4 (ii)]. This process produces distributed Bragg reflectors (DBR) between 
which the optically active medium is placed. This method is used to realise Vertical Cavity 
Surface Emitting Lasers (VCSEL) which will be described in more detail in chapter 8. 
2.3 Improving the Laser Characteristics 
2.3.1 Introduction 
In the previous chapters the basic ingredients that are necessary for operating a laser in 
general have been described. In the remainder of this thesis, reference to lasers should be 
assumed to mean semiconductor laser devices. In order to make a semiconductor laser 
more efficient, there are several modifications to the introduced basic laser design that are 
realized in nearly every practical device to date. In this subchapter the effects of wave- 
guiding, carrier-confinement, strain and low dimensionality on the properties of 
semiconductor lasers will be discussed. 
2.3.2 Confining the Optical Field 
It has been shown earlier (chapter 2.2.1) that the stimulated emission rate is directly 
proportional to the photon density. As the optical field is normally extended in the growth 
(z) and the transverse (y) direction of the laser device, the photon density can be increased 
by confining the optical field to the active region. In the growth direction this can easily be 
achieved by placing the layer of the optically active material between two layers of 
material with a smaller refractive index (cladding layers). A schematic of the resulting 
double heterostructure is shown in Figure 2.5. It confines a large fraction of the optical 
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field by means of total internal reflection at the layer interfaces, where the degree of 
confinement is determined by the refractive index step Dµ = 92 - µ, between active region 
and cladding layer. This concept of confining the optical field to the active region is called 
index-guiding. 
refractive 
index, µ 
Optical Field 
% i 
i µ2 
i% 
i% 
cladding active region cladding 
growth direction, z 
Figure 2.5: Effect of index-guiding on the optical field distribution in a double- 
heterostructure laser 
In the transverse direction index-guiding is much more difficult to fabricate. The broad 
area lasers studied in this thesis (introduced in chapter 3.6) do therefore rely only on gain- 
guiding to confine the optical field in the transverse direction, which arises from weak 
current-induced changes of the refractive index across the electrically pumped active 
region. On the other hand the ridge-waveguide lasers used in this thesis (introduced in 
chapter 3.6) are weakly index-guided type of lasers. In this structure, following the 
epitaxial growth of the complete layer structure (in this case using molecular beam 
epitaxy), the wafer is etched to produce a narrow ridge (in this case 41im wide). The wafer 
is then coated with a dielectric (in this case SiNs) and metallised. The weak index-guiding 
is provided by the large refractive index step between the active region material and the 
dielectric. 
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2.3.3 Confining the Carriers 
The simplest electrically pumped semiconductor laser structure has an active region 
consisting of a single p-n junction. These devices are called homojunction lasers and were 
used to realize the first working semiconductor lasers 7's'9. However, due to very large 
threshold current densities of -105 Ac M-2, these lasers could only be operated in pulsed 
condition and at very low temperatures. This poor performance is related to the absence of 
carrier and optical field confinement. 
Fermi level 
CB .............................. 
pn 
recombination region 
Figure 2.6 : Energy band diagram of a p-n homojunction laser at forward bias 
In Figure 2.6 the energy band diagram of a simple homojunction laser under forward bias 
condition is shown. Only in the narrow depletion region at the junction electrons and holes 
are present simultaneously and radiative recombination can occur. As there is no 
confinement mechanism, carriers will diffuse quickly away from the junction, which leads 
to a very small area (typically about 10nm in width) where the gain is large enough to 
support the lasing process. Additionally the low refractive index change across the junction 
is not able to confine the optical field, which therefore extends into absorbing regions. 
The carrier confinement can be significantly improved by employing the double 
heterostructure design. In figure 2.7 an energy band diagram of a double heterostructure 
laser in forward bias is shown. Here, a thin active layer (typically 0.1-0.3µm width) is 
sandwiched between a p-type and a n-type cladding layer of larger band gap. Electrons and 
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holes can move freely into the active region but do not move over to the other side due to 
the energy barrier of the cladding layer. The resulting substantial build up of carriers in the 
active region leads to an increased optical gain, where the width of the gain region is 
determined by the width of the active region. 
CB n Electron quasi 
Fermi level 
recombination 
Hole quasi region 
......................................................................................... Fermi level 
VB 
Figure 2.7 : Energy band diagram of a p-n double heterojunction laser at forward bias 
Semiconductors with a larger bandgap have a 
lower refractive index than those with a smaller bandgap. This means that a double 
heterostructure both confines the carriers to the active region and also the optical field as 
discussed earlier in chapter 2.2.4.2. 
These improvements in the laser design reduced the threshold current densities of 
semiconductor lasers by over two orders of magnitude and the first lasers were produced 
1o that operated at room temperature'ýý'ý2. I3 
CB 
P 
Electron quasi 
Fermi level 
Hole quasi 10 Fermi level ....... recombination region 
VB 
Figure 2.8 : Energy band diagram of an ideal quantum well laser at forward bias 
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A further improvement in the carrier confinement can be achieved by using a quantum well 
as the optically active region. This is obtained by reducing the thickness, L, of the active 
layer of the double heterostructure to the order of the de Broglie wavelength of the carriers, 
which is typically < 10 nm, resulting in a quantum mechanical confinement of the carriers 
in the growth direction. This quantum well is then additionally cladded with a thick layer 
of a large band gap material. This is called the separate confinement heterostructure (SCH) 
region for light. A schematic of the resulting energy band diagram is shown in figure 2.8. 
Additionally to reducing the active volume, the main advantage of using a quantum well is 
its effect on the density of states function which significantly improves the characteristics 
of semiconductor lasers as will be described in the next chapter. 
2.3.4 Dimensionality and the Density of States 
2.3.4.1 Density of States in a Bulk Semiconductor 
As discussed in chapter 2.2.2 the carrier density required to achieve population inversion is 
largely dependent on the density of states in the valence band and the conduction band (see 
equation 2.8). In a bulk semiconductor carriers are free to move in all three dimensions and 
the resulting density of states p3D is of the form 
1 2meff 
3/2 
Vr 
/ý3D 4ý2 ý2 
ý2.14ý 
where meff is the carrier effective mass. The resulting function is illustrated in figure 2.9, 
where the shaded area represents the carrier occupancy. It can be seen that in a bulk 
semiconductor only very few states are available close to the band edge, where ideally all 
of the radiative recombination should take place. In order to reach threshold the quasi- 
Fermi level has to move up higher into the band, leading to a broad output spectrum, which 
makes the laser less efficient. 
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P3D 
Figure 2.9 : Density of states for a bulk (3D) semiconductor laser (shaded area 
renresents occunied states) 
2.3.4.2 Density of States in a Quantum Well 
In a quantum well this situation changes, as the carriers become quantum mechanically 
confined in the z-direction hence restricting the free motion to a two dimensional plane. 
P2D LZ 
2D 
Eg E1 E2 Energy EZ 
Figure 2.10: Density of states for a quantum well (2D) semiconductor laser 
This results in a step like density of states P2D of the form, 
m 
P2D =A 
J2 O(E-Eý (2.15) 
zn 
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where LZ is the quantum well width, O(x) is the Heaviside function and n is an integer 
level quantum number. The resulting function is illustrated in figure 2.10. 
As can be seen from figure 2.10 the carrier occupancy is much larger at lower energies in 
the 2D case when compared with bulk material. This greatly enhances the number of 
carriers that can take part in radiative recombination at energies close to the band edge, and 
hence reduces the carrier density required to reach threshold. 
2.3.5 Introducing Strain 
Another method that improves the characteristics of semiconductor lasers is the 
introduction of strain. The band structure of semiconductors is very sensitive to any kind of 
deformation of the crystal lattice. Uniaxial and hydrostatic pressure significantly changes 
the band gap and valence band structure of a semiconductor. Additionally to these extrinsic 
manipulations, which will be discussed in detail in chapter 2.7, lattice deformations can be 
created intrinsically by growth of semiconductor material on top of a thick substrate with a 
different lattice constant. If the lattice mismatch is not too large, then the semiconductor 
material grown will match its lattice constant in the plane to the one of the substrate. 
(i) 2D - Tensile Strain 
IIIIIIII 
H+H 
(ii) 2D - Compressive Strain 
Figure 2.11: Strain in epitaxial heterostructures 
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Depending on the lattice constants of the two materials involved there are two possible 
ways of biaxial strain parallel to the substrate plane. These are called tensile strain 
[Figure 2.11 (i)] and compressive strain [Figure 2.11 (ii)]. 
The biaxial strain ¬ parallel to the substrate plane is defined as 
_ 
(as 
- asp 
p- , aP 
(2.16) 
where as and ap are the lattice constants of the substrate and the epitaxial layer 
respectively. It is easy to see that the energy of the strain is increasing with increasing 
thickness of the epitaxial material, which leads to a critical thickness (dj of the strained 
layer, above which it becomes energetically favourable to release strain energy by the 
formation of dislocations. It is therefore important to keep the thickness of the strained 
layers below this critical value. 
Additionally, biaxial strain has a significant influence on the band structure of the material. 
A strained layer of a cubic crystal, grown in 001-orientation, has a deformation tensor of 
the form 
E = Eyy = ei (2.17) 
eu 
2C12 
ep := el (2.18) C 
where El is the uniaxial strain perpendicular to the substrate plane in the growth direction 
and C11 and C12 are the elastic constants of the material. 
The tetragonal strain of the crystal can be split up into a hydrostatic and a uniaxial 
component. The hydrostatic component causes a change in the lattice constant of the 
crystal without affecting its symmetry. The resulting change in band gap of the material as 
a function of the hydrostatic deformation potential (Hd) is given by 
DEgy'd' = 2Hd 
CI I- C12 Ea (2.19) Cu 
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Hence compressive strain leads to an increase of the band gap, while tensile strain causes 
the gap to decrease. 
The uniaxial component however causes a reduction in the symmetry of the unit cell of the 
epitaxial layer, which lifts the degeneracy of the heavy hole and the light hole band at the 
r'-point. The shift of the valence bands at the Brillouin zone centre can be described as 
AEhhunl = +Ud 
Cl l+ ZC12- u (2.20) om CI 
for the heavy hole band and 
Aue(h; = -Ud 
Cl, + 2C12 
el (2.21) Cl 
for the light hole band, where in both cases Ud describes the uniaxial deformation potential. 
In addition to this splitting the uniaxial strain causes the valence band dispersion to become 
anisotropic. For compressive strain the in-plane (x-y) electron effective mass becomes 
lighter than the mass in the growth (z) direction whereas the opposite is true for tensile 
strain. These effects are illustrated in figure 2.12 (after O'Reilly '4) 
cb 
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Figure 2.12: Band structure schematic for a bulk-like direct band gap semiconductor in 
(i) unstrained, (ii) tensile strained and (iii) compressively strained condition 
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As a consequence of the lighter in-plane mass of the highest hole hand in compressively 
strained devices the density of states is smaller and hence the carrier concentration required 
to reach population inversion is reduced15''c' 
For completeness it has to be mentioned that tensile strain can improve the characteristics 
of a laser as well, although in a different way. However, as there will be no tensile strained 
lasers used in this study this will not be discussed here. Further information on this topic 
1' can be found elsewhere 'ýý'ý`'ý0ýý 
2.4 Carrier Recombination Mechanisms in Real Devices 
In chapter 2.2.1 the basic operating principles of a semiconductor laser were introduced by 
using a simple two band system. For practical laser devices with their imperfect crystal 
structure, their broad bands and sub-bands this simple model has to be extended to 
understand the various radiative and non-radiative recombination processes that can occur. 
This will be discussed in detail in this subchapter using a more realistic 4-band system. 
2.4.1 Radiative Recombination 
CB 
F 
k 
F 
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cnergv 
Figure 2.13 : 
/\ý tilt 
t, t t 
so 
Spontaneous emission process in an energy-wave-vector (k) diagram for a 
direct bandgap semiconductor including 4 bands : conduction band (('B), 
heavy hole band (HH), light hole band (1., 11) and split off band (SO). 
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The radiative recombination mechanisms are the spontaneous and stimulated emission 
processes as discussed in chapter 2.2.1. In figure 2.13 a 4-band model of a bulk-like direct 
band gap semiconductor is drawn, including the conduction band (CB), the heavy hole 
valence sub-band (HH), the light hole valence sub-band (LH) and the split off valence sub- 
band (SO). The shaded areas in the band represent the occupied electron and hole states 
which are determined by the energy positions Fc and Fv of the electron and hole quasi- 
Fermi levels. In the non-degenerate case and assuming Boltzmann statistics the radiative 
current flowing through a laser device is now proportional to the carrier density squared as 
there are two carriers involved (where we assume n= p) in the process and can be written 
as1 
l., = eVBn 2 (2.22) 
where e is the electronic charge, V is the pumped volume of the active region and B is the 
radiative recombination coefficient and n is the carrier density. How well this 
approximation holds in our devices at the threshold carrier density nth will be discussed in 
detail in chapter 6.3.2. 
2.4.2 Non-Radiative Recombination 
Instead of creating a photon, electrons in the CB can recombine with holes in the VB non- 
6 radiatively. The main non-radiative processes that will be discussed in this subchapter are 
Auger recombination and recombination through defects. 
2.4.2.1 Interband Auger Recombination 
In this subchapter the various non-radiative interband (band-to-band) Auger processes will 
be discussed, where the energy released from an electron-hole recombination is transferred 
to a third carrier, which in turn is lifted up higher into the band or even into an 
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energetically higher sub-band. In figure 2.14 an overview of the two most important 
interband Auger processes that can occur after the recombination of an electron (1) in the 
conduction band with a hole in the heavy hole band (1') are plotted, where: 
/L\ 
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Figure 2.14: Schematic of two different band-to-band Auger processes 
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(a) the energy is transferred to another electron (2) in the CB, which in turn is excited into 
a state (2') higher up in the band (CHCC process). This direct process is very temperature 
sensitive, as energy and momentum have to be conserved, thus its strength strongly 
depends on the occupation probability of the hole state that corresponds to (1'), which 
increases with temperature. From this it is easy to see that the strength of the CHCC 
process is strongly dependent on band gap variations, or more precisely that the Auger 
recombination rate will decrease for higher band-gap materials. 
(b) the energy is transferred to another hole (2) which in turn is excited into an empty hole 
state (2) in the split off band. This process becomes particularly important in 
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semiconductors, which have a spin orbit splitting that is of similar magnitude to the band 
gap. Again this CHSH process is very temperature sensitive as it largely depends on the 
occupation probability of the electron state that corresponds to (1). 
In all these processes there are three carriers involved, hence in the Boltzmann regime the 
Auger related current can be expressed as 
, A., = eVCn3 (2.23) 
, where C is the thermally activated Auger recombination coefficient which, for the direct 
band-to-band process, which can be written as 
C= Co exp ka 
(2.24) 
, where Co is independent of temperature and E. is the activation energy for the Auger 
process1. 
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2.4.2.2 Recombination on Defects 
In an ideal laser the semiconductor material consists of a crystal lattice which is assumed 
to be of perfect periodicity. In real devices however, this is unfortunately not the case. 
Even with modern epitaxial processes it is not possible to grow perfectly pure crystals but 
a certain amount of impurities, vacancies and dislocations are always incorporated. The 
resulting defects in the active region of a laser can form localized ladders of states, via 
which carriers can recombine non-radiatively across the band gap. In addition the device 
surfaces, in particular the facets and to some extent the heterostructure interfaces are a 
strong perturbation of the crystal lattice, creating dangling bonds which can bind impurities 
from the ambient and hence give rise to non-radiative recombination. 
The resulting defect related current (Imon) is a monomolecular process and is hence directly 
proportional to the electron density, n, and can be written as 
I, 
noo = eVAn (2.25) 
where A is the monomolecular recombination coefficient, which may be written as 
A=Q,, v h Nd + SF where S= CSv h Ns .' (2.26) 
The first term in equation 2.26 describes the monomolecular recombination within the well 
due to a free electron capture process, where Nd is the defect density, with is the thermal 
electron velocity and ß,, is the average defect capture cross section in the active region. 
The second term is due to surface recombination processes, which are described in terms 
of a surface recombination velocity, S, where as is the average surface trap capture length 
and Ns is the surface trap density, and the total area of the surfaces F. 
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2.4.3 Inter-Valence Band Absorption (IVBA) 
After a photon has been created via the spontaneous or stimulated emission process it can 
undergo re-absorption while travelling backwards and forwards in the laser cavity. This 
absorption process can promote an electron from the VB in the CB as described in chapter 
2.2.1 where it increases the population inversion and can again give rise to radiative 
recombination. However, the emitted photon can also be absorbed by an electron in the 
spin-split-off band, which in turn is excited into a hole in the VB, obeying the 
k-conservation rule. This process is illustrated in figure 2.15 and is referred to as 
Inter-Valence Band Absorption (IVBA)" 
1 
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Figure 2.15 : Schematic of Inter-Valence Band Absorption (IVBA) 
This process increases the internal loss, a;. Hence the carrier density required to reach 
threshold increases and the slope efficiency above threshold is reduced (2.30). As can be 
seen from figure 2.15 the probability of IVBA occurring is strongly determined by the 
occupation probability of the hole state 2' that the electron I' may be excited into. 
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Fhis means that lasers with an active region that show a spin-orhit-splitting that is only 
slightly smaller than its optical bandgap will show much more IVBA than devices with a 
smaller spin orbit splitting, as the re-absorption process can occur much closer to the 
F-point, where the hole population is large. In the same manner increasing the number of 
holes in the VB, for example by using p-doping, will also increase the probability of IVBA 
occurring. 
2.4.4 Carrier Leakage 
In an ideal quantum well laser all injected carriers should be confined in the quantum well 
active region. However with increasing temperature the carriers can gain sufficient thermal 
energy to escape from the quantum well into the SCH region as shown in figure 2.16. Here 
they can combine non-radiatively or radiatively but even in the latter case they cannot 
produce gain at the lasing wavelength, as the photons emitted will have a different energy. 
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Figure 2.16: Illustration of thermally activated carrier leakage in a semiconductor 
laser in forward bias 
If the temperature is large enough the carriers can even escape into the cladding regions 
(hetero-barrier leakage). The probability of these processes occurring depends on the 
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energetic distance of the quasi Fermi levels to the band edges of the barrier (E,, E, ') and 
the cladding layer (E2, E2'). 
2.5 The Threshold Current 
In a laser the total current required to reach the threshold gain is called the threshold 
current, Ith. This is the sum of all current paths present in the device and can be written as 
I, r, _ eV (An, 1, + Bn + Cn,, ) + Ireak (2.27) 
where nth is the threshold carrier density, A, B and C are the monomolecular, radiative and 
Auger recombination coefficients and Beak describes any leakage current present. 
2.5.1 Measuring the Threshold Current 
The easiest way to determine the threshold current of a laser is to place a photo detector in 
front of the output facet of the device and measure the light output power, L, as function of 
L 
Spontaneous I Stimulated 
Emission Emission 
dL 
cll 
« ý`ý 
Ill. I 
Figure 2.17: Typical Light-Current characteristic for semiconductor lasers 
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injection current, I. In figure 2.17 a typical L-I diagram resulting from such a measurement 
is shown. 
One way to determine the threshold current from the L-I diagram would be to determine 
the current where the slope efficiency dUdI becomes constant. However due to noise in 
the measured data this method can be quite inaccurate. 
Another possibility is to draw linear regressions of the graph below and above threshold, as 
indicated by the dashed lines in figure 2.17, and define their crossing point as the threshold 
current of the device. Unless otherwise stated this will be the method used for determining 
Ith in this study. 
2.5.2 Efficiency 
The ratio of the number of photons emitted by the end facets of the laser to the number of 
electron-hole pairs injected in excess of Ith into device is called the external differential 
quantum efficiency, rld, which is proportional to the slope dUdI of the L-I curve above 
threshold, as illustrated in figure 2.17 and may be written as 
7d = 17i 
a'" 
where am =1 In 
1 
a; + a,  
2L R (2.28) 
In equation 2.28 a; is the internal loss of the cavity per unit length, am describes the total 
mirror loss from the facets and i 1i is the internal quantum efficiency. The internal quantum 
efficiency, i;, is defined as the ratio of the number of photons generated to the number of 
electron-hole pairs injected into the laser above threshold. As mentioned earlier, in an ideal 
quantum well laser above threshold the carrier density pins as all further injected electron- 
hole pairs recombine to produce stimulated emission, resulting in an internal quantum 
efficiency of rl; = 1. ' As will be shown later the GaInNAs-based lasers considered in this 
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study show a very poor pinning of the carrier density above threshold. This has to be taken 
into consideration when interpreting slope efficiencies. 
2.5.3 The Carrier Density Dependence of the Threshold Current 
Assuming that thermally activated leakage currents are negligibly small (which is indeed 
the case for the devices studied here, as will be shown in chapter 6), one can rewrite 
equation 2.27 over a limited range of n as 
I,,, « n1Z with 1: 5 z: 5 3, (2.29) 
where it is assumed that the recombination coefficients are not themselves a function of the 
carrier density, n. In the case that one recombination process is dominating the current 
through the device, Z would be equal to 1,2 or 3 for monomolecular (« n), radiative (oc n2) 
and Auger (« n3) recombination respectively. This means that determining the power 
factor, Z, at threshold, and hence the carrier density dependence of the threshold current 
can provide very useful information about the recombination processes present in a 
semiconductor laser and their relative magnitudes at threshold. This of course is the key 
parameter that determines Ith and its temperature dependence. 
Experimentally the power factor, Z, can be ascertained by measuring the integrated pure 
(un-amplified) spontaneous emission rate, LSE, given by 
00 
LSE = 
JRSE (2)dA 
(2.30) 
0 
where RSE is the spontaneous emission rate at the wavelength X. Experimentally only a 
fraction of the total spontaneous emission is usually collected but as long as the collection 
efficiency of the experimental setup remains constant the measured LSE will be directly 
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proportional to the radiative current Iad. Using this relation LSE can now be substituted for 
I, ad in equation (2.22) and re-arranged for n to obtain 
12 n LSE 
and substitution into equation 2.29 gives 
(2.31) 
I °C 
()z'" 
(2.32) 
Taking the logarithm of both sides gives the expression 
In (I) =z 1n(LSE) (2.33) 
from which the power factor, Z, can be determined from the slope of a graph of ln(I) 
versus ]n(LsEI/2). 
2.5.4 The Temperature Dependence of the Threshold Current 
For communication applications it is important that the output power of a laser at a given 
current stays approximately constant over a wide temperature range. However, for most 
semiconductor lasers this is not the case as the threshold current increases strongly with 
rising temperature. To counteract this effect expensive temperature controlling equipment 
is required to keep the laser at a constant temperature. In order to minimize the temperature 
controlling measures the development of more temperature stable semiconductor lasers at 
wavelengths of 1.3 and 1.55 µm is very important. In order to be able to compare the 
dependence on the temperature, T, of the threshold current, Ith, for different devices it is 
well established to use the characteristic temperature T. (expressed in units of Kelvin), 
which is defined as 
1_1 dI 
_d 
ln(I, h ) 
To (Irh) Ith dT dT (2.34) 
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From equation 2.34 it can be seen that a high characteristic temperature is desirable as it 
indicates a more temperature stable threshold current. 
The characteristic temperature of the threshold current, TO(ILh), is itself a function of 
temperature because the various recombination mechanisms have a different dependence 
on the carrier density, n. To interpret the variation of TO(I(h) with temperature it is 
therefore useful to know the expected characteristic temperatures of the monomolecular, 
radiative and Auger related current contributions, which will be theoretically discussed in 
the next subchapters. 
2.5.4.1 T. of the Monomolecular Current 
To calculate the characteristic temperature of the monomolecular current, Imono, we use the 
following assumption for quantum well devices for the temperature dependence of the 
threshold carrier density, nth, 23,24,25 
nth = noTl+x (2.35) 
where no is temperature independent and x is a factor that takes loss-processes like carrier 
leakage and IVBA into account, but in an ideal quantum well x=0. 
The expression for the threshold carrier density, nth (2.35), and the monomolecular 
recombination coefficient, A (2.26), can now be substituted into equation (2.25), yielding 
I,,, 
oo = eVc7vNdfzOT 
+x (2.36) 
Assuming a two dimensional electron gas, the temperature dependence of the carrier 
velocity, v, can now be included by using the expression for its kinetic energy 
2 
mef. v2 cc kT =v= P-, 
FT (2.37) 
where meff is the electron effective mass, and P is a temperature independent 
proportionality factor. Substitution into equation 2.36 yields 
34 
Ii,,, 
O= eVPo-NdflOT%+x (2.38) 
and by substituting Imoýo for Ith in (2.36) the characteristic temperature of the 
monomolecular current To(Imono) at threshold is now given by 
r1 To (I 
mono) =T3+x. (2.39) 
From this one can deduce that the maximum To(Imono) at 300K for an ideal quantum well 
laser (x=0) dominated by recombination through defects is limited to 200 K. 
2.5.4.2 T. of the Radiative Current 
The characteristic temperature of the radiative current, To(I, ad), can now be determined in 
the same way using an expression for the radiative recombination coefficient, B, developed 
by O'Reilly and Silver25 
B= 
B° 
T (2.40) 
where Ba is independent of temperature. Substitution of (2.40) and (2.35) into (2.22), 
where nlh=n, yields 
1rad = eVBonoT(1+2x) (2.41) 
and substitution of Iad for Ith in (2.36) determines the characteristic temperature of the 
radiative current T0(I, ad) to be 
To(lrad) -T 1+2x 
(2.42) 
which shows that the maximum To(Irad) for an ideal quantum well device (x=0) at 300K 
will be 300K. 
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2.5.4.3 T. of the Auger Current 
In the same way the characteristic temperature of the Auger current is determined by 
substitution of (2.35) and (2.24) into (2.23), where nth=n, which gives the following 
expression for the Auger related current 
I Aug = Co noT 
3+3x eXp kE T (2.43) 
and substituting IAug for Ith in (2.34) yields 
T 
To 
(, 
Am, -E (2.44) 
3+3x+ a 
kT 
This shows that the maximum possible characteristic temperature at 300K for the Auger 
contribution to the total current (Ea=O and x=0) is To(IAug) = 100K. 
2.6 The Quaternary Alloy GaInNAs 
In this subchapter we give an introduction to the basic properties of the quaternary alloy 
GaInNAs on which the active regions of all the lasers studied in this thesis are based upon. 
The introduction of nitrogen into GaAs modifies its band structure in a fundamental way, 
which leads to properties that are very different to those observed in any other III-V 
semiconductor alloys. 
Gallium Arsenic Nitrogen 
Bohr radius [pm] 
Electronegativity 
122.1 
1.8 
124.5 
2.2 
54.9 
3.1 
Table 2.1 : Table of Bohr radius and electro negativity for Gallium, Arsenic and 
Nitrogen 
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When the GaAsN alloy is formed, some of the arsenic atoms are replaced by nitrogen, 
which has very different characteristics. Its Bohr radius is about half the size of the arsenic 
atom and its electro negativity is significantly larger (Table 2.1). 
This leads to the effect that, although the nitrogen is properly chemically bonded within the 
semiconductor crystal, it is acting more like an impurity with separated energy levels 
above the bottom of the GaAs conduction band. 
For N concentrations larger then - 0.2% these localized nitrogen states form a nitrogen 
induced energy band, which is commonly called the E+-band 26. This resonant band pushes 
the conduction band edge downwards by means of an anti-crossing interaction, which 
results in a reduction of the band gap energy 27,28,29,30 and a strong non-parabolicity of the 
conduction band dispersion. Similar effects have also been observed in GaNP31'32, 
InNP33'34, GaNSbAs35 and InNSb36 
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Figure 2.18: Schematic of the formation aN induced band in GaAs and its 
effect on the GaAs conduction band. 
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These effects are illustrated in figure 2.18. It can be seen that the effect of the nitrogen 
induced band is effectively flattening the conduction band leading to an increased electron 
effective mass and an increased density of states. 
When communications applications are considered, one of the most important effects of' 
the interaction of the E+-band with the conduction band is the strong reduction of the hand 
gap energy with increasing nitrogen content, which leads to a very strong bowing of' the 
energy gap, as is illustrated in figure 2.19 (after Kondow et ul "7). For nitrogen 
concentrations of about 2°hß the band gap of the GaAsN alloy approaches leV compared to 
about 1.4 eV for GaAs at room temperature. This makes this material system a candidate 
for semiconductor lasers emitting at the communications wavelength of 1.3µm. 
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Figure 2.19 : The relationship between the lattice constant and the band-gap energy 
in Ill-V alloy semiconductors. rafter Kondow et al 
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However the addition of nitrogen into GaAs leads to strong tensile strain. To compensate 
for this and to decrease the band gap even further it is beneficial to introduce indium to the 
GaAsN alloy. As can be seen in figure 2.19 it is possible to grow the resulting GaInNAs 
alloy lattice matched to GaAs using an appropriate mixture of nitrogen and indium. 
2.7 Hydrostatic Pressure 
2.7.1 Introduction 
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Fig. 2.20: Hydrostatic pressure induced shift of the r- (red), L- (blue) and X- 
(green) minima in meV/G Pa for a typical III-V semiconductor. 
Applying hydrostatic pressure to a III-V semiconductor crystal reduces the atomic spacing 
and hence the lattice constant of the crystal without effecting its symmetry, leading to an 
increasing band gap, Eg, due to a shift of the CB at the F-point towards higher energies 
with respect to the VB maximum at a rate of approximately 80-100 meV/GPa'ý3ýý'40 3 . 
However, the CB L- and X-minima are also influenced by the application of hydrostatic 
39 
LF 
momentum 
pressure in a way that the L-minimum shifts towards higher energies (- 40 meV/GPa) and 
the X-minimum shifts towards lower energies (- 10 meV/GPa) with respect to the VB 
maximum. This process is illustrated in figure 2.20. This can give rise to increasing 
probability of carrier leakage from the r- into the X- and L-minima. However in the 
GaInNAs material system, for pressures up to 1.5 GPa considered here, this movement of 
the L- and X-minima has a negligible effect on the laser characteristics as they are much 
higher in energy with respect to the valence band maximum compared to the r- 
minimum41. 
2.7.2 Using Hydrostatic Pressure to Characterise Semiconductor Lasers 
The conventional approach to studying energy gap dependent processes in a semiconductor 
laser is to grow a series of wafers differing slightly in active region composition. This is a 
very costly procedure and has the additional difficulty that all the remaining structure 
details, like for instance layer thicknesses and doping profiles, have to be kept constant, 
which is virtually impossible. Using hydrostatic pressure it is possible to perform band gap 
dependence studies on a single device. 
As the various recombination processes occurring in semiconductor lasers have different 
dependencies on increasing band gap the application of hydrostatic pressure is a powerful 
tool to investigate the corresponding current contributions present at threshold. 
In an ideal loss free quantum well laser, the radiative current, I, ad, can be written in terms of 
Eg as42, 
2 I 
rad 
cc E9 (2.45) 
which means that the radiative current is expected to increase with increasing pressure. 
On the other hand the non-radiative Auger processes, which can be written as Cnt, 3 
(equ. 2.23), usually decreases with increasing pressure in a typical III-V quantum well 
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laser. This is due to the fact that C is decreasing with increasing band gap, whilst nth is 
relatively independent of Eg 43. As will be shown later in chapter 7 this is not necessarily 
the case for GaInNAs based devices. Here, the pressure induced interaction of the CB with 
the Nitrogen resonant band results in a strong increase in nth, which can lead to an increase 
of the Auger current with pressure in these devices as the Auger recombination rate is a 
function of n3 (2.23). 
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Chapter 3 
Experimental Techniques 
3.1 Introduction 
This chapter introduces the experimental techniques used to characterise the various 
1.3µm GaInNAs-based semiconductor lasers investigated in this study. Schematics of the 
experimental setups are illustrated and important issues such as the limitations and the 
practical implications of the various techniques are discussed. The results of these 
experiments will then be presented in the remaining chapters. 
3.2 The Basic Laser Measurement System 
In figure 3.1 the basic laser measurement system is illustrated that is used to obtain light- 
current characteristics for the facet emission and the spontaneous emission as a function 
of temperature and pressure. The laser devices are mounted in bare-chip form on a laser clip 
that is able to collect spontaneous emission from a window milled into the n-side contact 
of the laser as well as the facet emission from the device. This clip is described in detail in 
chapter 3.3. The clip can be mounted in different kinds of temperature and pressure 
controlling equipment [F] depending on the experiment required. For temperature 
dependence measurements above RT [F] this is a Peltier Heater-Cooler system that is 
described in more detail in chapter 3.4, which has a temperature operating range of 
approximately 290K to 370 K. In this case the facet emission is detected [B] by a large 
(15 mm) area anti-reflection coated germanium detector, which is connected to a Lock-In 
amplifier. For temperature dependence measurements below RT the clip is mounted in a 
closed cycle helium cryostat, which is described in detail in chapter 3.5 and which has a 
maximum temperature operating range of 20K to 300K. 
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Fig. 3.1 : Setup for measurement of spontaneous and facet emission of a laser chip 
[A] Computer system running LabView 6.0 
[B] Detector :- Germanium detector for facet emission above RT 
- InGaAs detector (fibre coupled) for facet emission 
below RT 
- Optical Spectrum Analyser (fibre coupled) for 
spontaneous emission from window 
[C] Temperature controller 
[D] 47 Ohm resistor 
[E] Laser diode 
[F] Laser mount :- Peltier heater-cooler element for above RT 
- Closed cycle helium cryostat for below RT 
-1.5 GPa pressure system 
[G] Lock-In amplifier 
[H] Voltage pulser 
[I] Current probe 
[J] Oscilloscope 
[K] GPIB IEEE488 Interface bus 
For these cryostat measurements the collection of the facet emission is fibre coupled and 
the detector [B] consists of a Peltier-cooled InGaAs detector. In both cases spontaneous 
emission from the lasers is collected via an optical fibre and is analysed with an optical 
spectrum analyser (OSA). In order to avoid current heating effects in most experiments 
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the lasers are driven using pulsed currents. Due to the low dynamic impedance of the laser 
diodes in forward bias of typically -2-3 Ohms, a 47 Ohm resistor [D] in series with the 
device is necessary in order to match the impedance of the connecting cable (50 Ohm). 
The pulsed drive current is provided by a voltage pulser [H], which additionally provides 
a TTL output signal, which is used to trigger the Lock-In amplifiers and oscilloscopes 
used in the setup. The amplitude of the current pulses is measured by means of a current 
probe [I] and the resulting signal is measured and analysed using an oscilloscope [J] and a 
lock-in amplifier [G]. The entire system is controlled by a computer which communicates 
with the measurement equipment via a GPIB IEEE488 interface bus. All of the instrument 
drivers, measurement programs and analysis routines used were written by the author 
using LABVIEW 6.0 and TURBO PASCAL programming environments. 
3.3 The Laser Clip 
The clip that holds the bare-chip devices is one of the most important parts in the 
experimental setup as it serves three main purposes. Firstly it provides the necessary heat 
sinking to remove as much thermal energy as possible generated by Joule heating in the 
device. Secondly it provides the electrical connection to the n- and p-contacts of the laser 
diode. Finally, it provides the possibility to collect spontaneous emission from a window 
in the substrate contact of the laser chip by means of an optical fibre. In figure 3.2 a 
schematic of the clip used, as originally developed by Sweeney?, is illustrated. It consists 
of a copper-brass base plate [C], which provides the heat sinking and the connection to 
the n-side contact. In the front part of the base plate a 150µm hole is drilled [E] which 
holds an optical fibre mounted flush to surface of the base. In addition a 900µm diameter 
counter-bored hole is drilled, which holds the fibre sheathing in order to insure high 
mechanical stability. The fibre is held in place using a high strength epoxy-based glue. 
The laser chip [D] is now placed, n-side down, on top of the base plate with its substrate 
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window carefully aligned with the optical fibre core. The window in the substrate of the 
device has a typical dimension of approximately 50 to 70 µm width and 150 to 200µm 
length and is processed using an ion-beam milling technique, which has been described 
elsewhere. 
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Fig. 3.2 : Schematic of the clip design used to contact and heat sink the laser chips 
and to extract spontaneous emission of the window in the device substrate 
[A] Top spring clip : Holds device in place and acts as p-side contact 
[B] Lever to release spring pressure 
[C] Base made of copper-brass : Acts as n-side contact and heat sink 
[D] Unpackaged laser chip with window in n-side contact 
[E] Optical fibre mount, consisting of a 1501im diameter hole for a 
fibre mounted flush to the surface of base and a 9001im diameter 
counter-bored hole for the fibre sheathing 
[F] Electrically insulating spacer 
The laser chip [D] is now held in place by means of a metal spring clip [A], which 
provides to the p-contact of the device and presses the chip tightly to the base plate. The 
latter is very important as it is absolutely vital for the experiments that the relative 
position of the contact window and the optical fibre and hence the light collection 
efficiency stays constant throughout the experiment. It has been shown by Sweeney2, that 
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(Dl 
the setup described here reliably meets this requirement. The lasers are mounted with one 
facet approximately parallel to the front edge of the clip. In this arrangement facet 
emission can easily be collected using either a large area detector or another optical fibre. 
The top spring clip [A] is electrically isolated from the base plate using a spacer [F]. In 
addition the spacer provides a lever mechanism [B] to release the spring pressure when 
changing the laser chips. 
3.4 The Closed-Cycle Helium Cryostat 
P' l 
Fig. 3.3 : 
(Al Cooling head unit 
IBS Cold finger 
SCI Heating coil 
I1)1 Laser clip 
(El Temperature sensor 
IFI Optical fibre for collection of facet emission 
IGI Optical fibre for collection of spontaneous emission 
111 Optical fibre feed-through 
III Electrical connector fier heating coil, temperature sensor and 
device current 
1,11 Vacuum tube 
IKI Vacuum pump 
ELI High pressure helium tubes 
AMI Helium compressor unit 
INI Removable lid 
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Schematic of closed-cycle helium cryostat 
For measurements at temperatures below 300 K the laser clip is mounted on the cold 
finger of closed cycle helium cryostat as illustrated in figure 3.3. The system consists of a 
compressor unit [M] in which helium gas is highly compressed. The compressed helium 
gas is then pumped via high pressure tubes [L] into the cooling head unit [A] where it 
expands and cools the cold finger [B]. The low pressure helium gas then flows back into 
the compressor unit to be recompressed. The accumulating thermal energy is removed in 
[M] by means of a water cooling system. In operation the cold finger [B] cools to 
temperature of approximately IOK. At the end of the cold finger the laser clip [D] is 
mounted on a copper plate, which is separated from the cold finger by a heating element. 
By adjusting the current through the heating coil via a temperature controller unit, the 
temperature of the laser clip can be set in a range of approximately 20K to 300K. The 
temperature is measured with a calibrated silicon diode which is mounted on the copper 
plate next to the laser clip. A constant current of 100µA is set to flow through the device 
and the temperature can was determined by measuring the voltage across the diode and 
compare it with the voltage-temperature calibration curve provided by the diode 
manufacturer. The optical fibres for spontaneous and facet emission and all electrical 
contact leads are fed to the outside via sealed feedthroughs [I, H]. The cold finger unit is 
covered by a removable sealed lid [N] and the air is pumped out with a vacuum pump [K] 
consisting of a rotary-turbo molecular pump combination. With this system the pressure 
in the cryostat can be lowered to approx 10-6 mBar. 
3.5 The Peltier Heater-Cooler System 
As the cryostat system described in the previous chapter is limited to an upper 
temperature of 300K a Peltier-effect thermoelectric heater-cooler system is used for 
measurements above RT. In this setup the laser clip is mounted on top of a 16 Watt 
Peltier-element, while the other side is cooled by means of a large metal heat sink. The 
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Peltier and a temperature sensor are connected to a temperature controller, which can set 
the clip temperature in the range of 290K to 370K. All measurements using this apparatus 
were taken at atmospheric pressure. 
3.6 The 1.5 GPa Hydrostatic Pressure System 
For high-pressure measurements a laser clip was placed in a piston-in-cylinder system, as 
schematically illustrated in figure 3.4, which is capable of generating hydrostatic 
pressures of up to 1.5 GPa. The system consists of two hardened steel pistons in a 
pre-stressed hardened steel double cylinder [D] with an inner bore diameter of 29mm. The 
lower piston [J] is fixed in place permanently and is only removed if maintenance work 
on the pressure system is necessary. It features two conic, insulated feedthroughs [E], 
which contain the wires for connecting a manganin coil [K] placed in the pressure 
chamber, which acts as a pressure gauge3. The upper piston [C] holds the laser clip [L] 
and the conic feedthroughs [E] for the electrical connection of the laser chip and an 
optical fibre [F] with which facet emission from the laser chip is collected. The pressure 
chamber between the pistons is filled with a liquid pressure-transmitting medium [G] and 
the pressure is generated by a hydraulic ram that is capable of generating a load of 120 ton 
on top of the upper piston. Both pistons are sealed into the cylinder with a neoprene 
O-ring [H] for the lower pressures (< 0.4 GPa) and a phosphor-bronze ring [I] for the 
higher pressures (> 0.4 GPa). To get a good seal it is recommended to increase the 
pressure initially quickly above 0.4 GPa. If the seal holds the pressure can then be 
increased in 0.05 to 0.1 GPa steps up to the maximum pressure of 1.5 GPa. Measurements 
can also be taken when decreasing the pressure. In most cases it was then easily possible 
to measure at pressures below 0.4 GPa without any leakage from the seal. Before and 
after the pressure experiment the threshold current and the lasing energy of the device 
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under test was measured and compared to ensure that the device did not experience any 
damage. 
120 
ABI 
Ton ýýý 
Optical Fibre 
Electrical Connections for deice current 
I pper piston 
Pre-stressed double cN linder 
Conic, insulated fccdthrougs 
Optical fibre in cpoxý-filled stub 
Pressure-transmitting fluid 
Rubber O-ring seal 
Phosphor-bronze ring seal 
Lower piston 
\langanin coil pressure gauge 
Device under test 
IC 
Fig 3.4 : Schematic of the 1.5 CPa hydrostatic pressure system 
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As the adiabatic compression of the pressure medium increases its temperature, it is 
absolutely necessary to wait until the system has returned to room temperature after each 
increase in pressure. A delay of about 45 minutes was found to be sufficient for this 
purpose. 
3.6.1 The Pressure Transmitting Medium 
The pressure-transmitting medium used in the 1.5 GPa pressure system as described 
earlier is Essence F (a hydrocarbon based cleaning fluid). As the light from the laser has 
to travel a distance of several mm to the optical fibre it is essential to know the 
transmission properties of the pressure-transmitting medium. In figure 3.5 we plot the 
measured transmission of a 4mm thick layer of Essence F as a function of wavelength. 
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The measurement shows two strong absorption bands at -1200 nm and -1400nm. For the 
determination of the threshold current as a function of pressure this has no effect. 
However, as the lasing wavelength shifts strongly with varying pressure the slope 
efficiency and hence the measured external differential quantum efficiency will be 
affected by the change in transmission of the pressure-transmission medium. For this 
reason the behaviour of the external quantum efficiency as a function of pressure is not 
considered in this thesis. 
3.7 Device Details 
In this sub-chapter the device details of the different GaInNAs laser diodes that were 
studied in this thesis are introduced. All devices were grown and processed by Infineon 
Technolgies AG, Munich, Germany. 
3.7.1 Devices grown by Molecular Beam Epitaxy (MBE) 
All the MBE grown GaInNAs based laser structures used in this study were grown on 
n+-GaAs substrates. Conventional solid sources were used with the only modification 
being an RF-coupled plasma source to generate reactive nitrogen from N2. The active 
GaInNAs QWs were grown at low temperature as previously described elsewhere4 and 
were inserted into a 300nm thick, undoped GaAs waveguide layer. The p and n-type 
cladding layers are composed of 1.5µm thick Alo. 3Gao. 7As, doped with Be and Si to a 
concentration of 4x10'7 and 5x10'7 cm 3, respectively. The 0.6 µm thick p-type GaAs 
contact layer is doped to about 1x1019cm'3 in the top 200 nm. 
The GaInNAs QWs have an In-content of about 36% and a N-content of about 1.7%. The 
composition of the wells can be conveniently set after separate growth runs for the In and 
N fluxes, since we find that in MBE In and N are incorporated independently from each 
55 
other. The necessary thermal annealing of the active region was effectively performed 
during the growth of the p-A1GaAs layer, which takes place at 680°C. 
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Fig 3.6: Schematic of the design details for 
(a) 3QW ridge-waveguide laser (MBE) 
(b) SQW broad area laser (MBE) 
Based on the outline of these settings two different laser structures where grown. Firstly, a 
3QW structure (Figure 3.6 [a]), where the wells have a thickness of 6.2 nm. They are 
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separated by 25 nm barrier layers consisting of InGaAsN with 1.8% N and -5% In- 
content to make them approximately lattice-matched to GaAs. 
Secondly, a SQW structure was grown (Figure 3.6[b]), where the QW is 6.4 nm thick and 
has the same composition as the 3QW structure but with GaAs barriers. The SQW 
structures were fabricated into 501im wide and 700µm long broad area devices and the 
3QW structures were processed into 4µm ridge-waveguide devices (350 and 700µm 
length). The ridges were processed using an argon ion dry etching technique and 
s passivated with RF-sputtered SiNx 
3.7.2 Devices Grown by Metal Organic Vapour Phase Epitaxy (MOVPE) 
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Figure 3.7: Schematic of the design details for DQW GaInNAs/GaAs broad 
area laser (MOVPE) 
The device schematically illustrated in figure 3.7 was grown by low pressure MOVPE on 
n+-GaAs substrates. Triethylgallium (TEG), trimethylaluminium (TMA), trimethylindium 
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(TMI), tertiary butyl arsine (TBA) and 1,1-dimethyl hydrazin (uDMHy) were used as 
precursors and the samples were grown at temperatures between 520° C (QW) and 680° C 
(cladding). The structure consists of two GaInNAs quantum wells embedded in 150 nm 
thick undoped GaAs waveguide layers. The p- and n-type cladding layers are composed 
of 1.51im thick Alo, 38Gao. 62As, doped with C and Te to 5x10'7 cm"3. The 0.150 gm thick p- 
type GaAs contact layer is heavily doped with Zn to about 1x1019cm'3. The active region 
consists of two 8 nm thick GaInNAs QWs separated by a 20 nm thick GaAs barrier, 
where the Indium content in the wells is 34 % and nitrogen content between I and 1.7%. 
The composition values of the quaternary QW could not be determined more precisely, 
since in MOVPE growth the incorporation of nitrogen decreases with increasing indium 
content6 and the determination of the indium and nitrogen composition in such quantum 
well structures is difficult7. The structures were fabricated into 501im wide and 700µm 
long broad area devices. 
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Chapter 4 
A brief history of GaInNAs-based lasers 
4.1 Introduction 
In 1996 Kondow et all proposed that incorporating a dilute amount of Nitrogen (-2%) 
into InGaAs, grown lattice matched on GaAs substrates, could provide a new material for 
laser diodes operating in the 1.3 to 1.55 µm emission range with predicted excellent high 
temperature performance due to the large type-I conduction band (CB) offset. This made 
the material system the ideal candidate for the active region of long wavelength VCSELs, 
which could be grown monolithically on GaAs substrates using GaAs/AlAs Bragg 
reflectors. In this chapter we give a compact review on the development of the 
performance of edge-emitting and vertical-cavity surface-emitting lasers based on this 
new material system. 
4.2 GaInNAs-based edge-emitting lasers 
Following the pioneering work of Kondow et al' the first EELs emitting at 1.3µm at room 
temperature in pulsed operation were demonstrated by Sato et a12 in 1997 using the 
growth method metal-organic chemical vapour deposition (MOCVD). The first 
continuous wave operation at this wavelength was demonstrated soon after by Nakahara 
et a13 employing gas-source molecular beam epitaxy (MBE). However, the threshold 
current density of these early devices was large with values of Jth >6 kA/cm2. 
Sato et al significantly reduced the threshold current density in 19994.5.6 The devices 
were MOCVD grown double quantum well lasers that showed threshold current densities 
of 660°, 10001 and 12006 A/cm2 at wavelength of 1.25,1.29 and 1.31im respectively. This 
was achieved by using low growth temperatures of 550°C. The resulting highly strained 
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active layers had an Indium content of 33%1 and 39%5.6 and a Nitrogen content of 0.6% 
and 0.5% respectively. As expected, the GaInNAs lasers showed very promising high 
temperature performance as well. In Feb 2000 Kitatani et all reported a 1.3µm 
GaInNAs/GaAs laser diode with a characteristic temperature of T. .- 215K above RT. 
This was achieved using highly strained active layers grown by gas-source MBE at the 
extremely low temperatures of 460°C with post growth annealing at 550°C. However 
these lasers showed a rather large threshold current density of Jth-2.8 kA/cm2 and it is 
likely that non-radiative current paths were affecting the measured T°. To improve the 
crystal quality, Yang et a18 had proposed in 1999 to introduce dilute amounts of antimony 
to the growth process of GaInNAs. The Sb acts as a surfactant and effectively increases 
the critical thickness of the strained layers, which allows the growers to incorporate larger 
amounts of Indium into the active regions (> 40 %) without experiencing lattice 
relaxations or 3D growth. The first 1.3µm InGaAsN: Sb/GaAs lasers reported by Yang et 
a19 in Feb 2000 were grown by MBE and showed a low threshold current of 1 kA/cm2 and 
a fairly good slope efficiency of 0.12 W/A but had poor temperature characteristics with a 
low T. of 64K. Since then other groups10,11,12 have demonstrated InGaAsN: Sb based 
1.3µm lasers with similar threshold current densities in the range of 600-1000 A/cm2 but 
much higher characteristic temperatures T°-150K. Using Sb as a surfactant Gambin/Ha et 
a! 1314 recently successfully grew lasers with an indium content of up to 46% without 
lattice relaxation. The triple quantum well devices exhibited lasing wavelengths of 1.39 
and 1.46 µm with corresponding threshold current densities of 1.8 and 2.8 kA/cm2 
respectively which are record low values for this emission range. In addition the lasers 
showed excellent output powers of up to 350 mW per facet. 
In June 2000 Riechert et al achieved record low threshold current densities of 500 and 
650 A/cm2 for single and triple quantum well 1.3µm lasers respectively' 5.16. Furthermore 
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selected single quantum well devices with a long cavity length (3200µm) showed 
threshold current densities as low as 270 A/cm2. The lasers were grown using solid source 
MBE with a radio frequency coupled plasma as the nitrogen source and used the 
quaternary GaInNAs, which was lattice matched to GaAs as the barrier material. The 
devices had characteristic temperatures between 70 and 100 K and broad area lasers that 
were cooled to 10°C provided CW output powers of up to 8 Watts'7. The ridge-waveguide 
lasers used in this thesis originate from these growth runs. 
At the same time Sato reported an improved design of their previously discussed 1.3 µm 
double quantum well lasers'8. The devices featured a highly compressively strained 
(2.57%) GaInNAs/GaAs active region and showed a threshold current density of 920 
A/cm2 in pulsed operation. The reported characteristic temperature of 205 K at RT is the 
highest ever recorded for a laser with a threshold current density smaller than I kA/cm2. 
Although the development of the 1.3µm technology was looking promising, no group had 
yet been able to achieve lasing emission in the 1.5 µm range. This changed in July 2000 
when Fischer et al reported the first room temperature operation of a GaInNAs/GaAs 
laser diode beyond a wavelength of 1.5µm19 (?. - 1.52µm). Although the threshold current 
density was very high (-. 60 kA/cm2 with three QWs) this achievement was the long 
awaited proof that lasing at this wavelength was possible with the GaInNAs material 
system. Recently (Sep. 2002), the same group have reported significant improvement in 
their laser design and demonstrated a 1.5 µm triple quantum well laser2° employing 
GaAsN barriers with an improved threshold current density of 18 kA/cm2. 
Initially MBE grown devices were the clear performance leaders in terms of the threshold 
current. This changed when Kawagushi et al reported the first very low threshold 
MOCVD grown 1.3µm lasers21,22 in October 2000. The double QW oxide-mask stripe 
lasers used two 8.4nm thick GaInNAs/GaAs quantum wells with a 2nm strained GaInAs 
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buffer layer to improve crystal quality. The lasers showed threshold current densities as 
low as 340 A/cm2 and were thus comparable with the best MBE grown devices at the 
time. 
Although good results where obtained from other groups23,24,25,26,27 the reported threshold 
current densities were all in the range of 600-1000 A/cm2 and it was not until April 2002 
before another significant improvement in threshold current density could be made. Tansu 
et al reported SQW devices with a Jth of 290 A/cm2 grown by MOCVD28. The design 
utilized a strain compensating InGaP/GaAso. 67Po. 33 buffer layer and GaAso. 85Po. 15 tensile 
barriers. The highly strained (2.5%) QW had an indium and nitrogen content of 40% and 
0.5% respectively. By optimising the buffer layer design the same authors were recently 
able to improve on these results and reported a new record low threshold current density 
of 210 A/cm2 for a SQW 1.3µm device. 29 
A comparison of edge-emitting lasers in general is very difficult as there are so many 
different design parameters to consider. The number of quantum wells, cavity length, 
wave-guide design and applied facet coatings strongly influence the performance of these 
devices. However, in order to observe trends a comparison of differently designed edge- 
emitting lasers is still useful. In figure 4.1 we plot Jth (a) and Jth per quantum well (b) as a 
function of emission wavelength. Here the squares, circles and triangles represent 
MOCVD grown GaInNAs/Ga(N)As lasers, MBE grown GaInNAs/Ga(N)As lasers and 
MBE grown GaInNAs: Sb/GaAs lasers respectively (numbers are for references). In both 
plots a clear trend of strongly increasing threshold current density with emission 
wavelength is observable which might be attributed to increasing non-radiative 
recombination with increasing nitrogen content and/or increasing Auger recombination 
with decreasing bandgap. In addition, the reported total threshold current density for 
various GaInNAs/Ga(N)As VCSELs is plotted (diamonds) which seem to follow a similar 
trend to the edge emitters. 
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Fig. 4.1 : Threshold current density J, h (a) and Jth per quantum well (b) versus 
emission wavelength for MOCVD grown GaInNAs/Ga(N)As lasers 
(closed squares), MBE grown GaInNAs/Ga(N)As lasers (open circles), 
GaInNAs: Sb/GaAs lasers (shaded triangles). The total threshold current 
density (not per well) of GaInNAs/Ga(N)As VCSELs is represented by 
shaded diamonds. (Numbers are references) 
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These results are discussed in more detail in section 4.3. It is interesting to notice that the 
Sb containing samples do not show the strong increase in Jth with lasing wavelength. In 
these samples the incorporation of nitrogen was minimized and the band gap was reduced 
by incorporating larger amounts of Indium (> 40 %). 
This supports the idea of Nitrogen induced defect related currents being the dominant 
recombination process in GaInNAs-based lasers as will be shown in later chapters. 
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Figure 4.2 plots the characteristic temperature of GaInNAs/GaAs diode lasers with 
emission wavelengths of -1.3µm as a function of the threshold current density per 
quantum well. A clear trend of decreasing T. with decreasing threshold current density 
can be seen. This is an indication that the high To observed in GaInNAs/GaAs lasers 
might be strongly influenced by a temperature insensitive non-radiative current path. 
In this thesis it will be shown experimentally that the GaInNAs-based lasers investigated 
are indeed dominated by non-radiative recombination processes and removing this 
component not only decreases the threshold current but the characteristic temperature as 
well. 
4.3 GaInNAs-based vertical cavity surface emitting lasers 
As mentioned earlier, one of the main driving forces for the development of GaAs-based 
long wavelength lasers is the possibility to monolithically grow VCSELs emitting at the 
communication wavelengths of 1.3 and 1.55 µm, using GaAs/AlAs Bragg stack 
technology. In recent years several groups have reported electrically pumped VCSELs 
based on GaInNAs quantum wells (see figure 4.1) with emission wavelengths of 1.2 to 
1.31 µm and threshold current densities between 2 and 6 kA/cm2. 
However, in order to be suitable for communication applications, fulfilling the emission 
wavelength requirement alone is not sufficient but other parameters like fiber coupled 
output power and side mode suppression ratio (SSR) have to meet existing industry 
standards. The short range (< 2km) 2.488 Gbit/s standard OC-48 SR39 requires a fibre 
coupled power of 100µW at a wavelength of 1266nm <, % < 1360nm. The intermediate- 
range link (<15 km) specification OC-48 IR1 requires 315 µW fibre coupled power at 
1260nm <X< 1360nm in single mode operation with a SSR of at least 30dß. The 
requirements for the new 10 Gbit/s data link standard OC-192 will be even harder to 
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meet. However, due to the advances in growth techniques and the better understanding of 
the physical processes in these material system as reviewed earlier, the OC-48 standard 
has now been met by GaInNAs-based VCSELs of several groups 5.40,41. Error free back- 
to-back (BTB) data transmission at 10 Gbit/s has been demonstrated by Steinle el aT'' 
(figure 4.3) and Ramakrishnan et aT ° for GaInNAs 1.3µm VCSELs that where grown by 
MBE and MOVPE respectively proving the feasibility of' this material system for high 
speed data transmission. 
-1.0 V 
N 
-1.0V H 
20 ps 
10 Gbit/s, BTB 
Fig. 4.3 Eve diagram for 10Gbit/s transmission (back to back) for (; aIn1As 
based N'CSEL by Steinle et at 1411. Bias current is 8 m. A. 
4.4 Summary - Chapter 4 
A compact review of the development of the device pcrlorniancc of GalnNAs-hascd long 
wavelength diode lasers with emission wavelengths from 1.3 to 1.55Eun has been 
presented. A clear trend of strongly increasing threshold current density with emission 
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wavelength is observed which may be attributed to increasing non-radiative 
recombination with increasing nitrogen content and/or increasing Auger recombination 
with decreasing bandgap. The characteristic temperature T. of 1.3µm GaInNAs-based 
quantum well and InAs-based quantum dot lasers tends to decrease with decreasing 
threshold current density indicating that defect related non-radiative recombination might 
have strong influence on the measured T°. In addition, GaInNAs based VCSELs show 
promising results for high speed data applications with reported transmission rates of 10 
Gbit/s at 1.3µm emission wavelength. At the time of writing this thesis Infineon 
Technologies began the high-volume production of the first commercially available 
1310nm GaInNAs-based VCSELs package with an output power of 0.5 mW that can be 
maintained up to 85° C (Compound Semiconductor May 2003). 
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Chapter 5 
The Temperature Dependence of the 
Threshold Current and the Lasing Energy 
5.1 Introduction 
The most commonly used semiconductor lasers for optical telecommunication 
applications with emission wavelengths of 1.3µm and 1.5µm are based on the 
InGaAs(P)/InP material system. However, InGaAs(P)/InP-based lasers suffer from 
significant problems such as a strong temperature sensitivity, leading to T. values 
typically of only 50-60 K at room temperature (RT)'. This has been explained by the 
presence of various loss mechanisms, like Auger recombination1'2, inter-valence band 
absorption (IVBA)3'4 and carrier leakage due the small electron confinement5. 
In the GaInNAs/GaAs material system better electron confinement is expected, because 
of the much larger conduction band offset6. Also reduced Auger recombination may 
occur, as a result of the larger electron effective mass and the strong non-parabolicity of 
the conduction band, which results from an anti-crossing interaction between the narrow 
band of localised nitrogen resonant states and the extended conduction band states7'8'9'10 , 
as discussed in chapter 2.6. Other advantages arise because of the improved optical 
guiding that can be achieved in the GaAs/AIGaAs system. To get a first idea if these 
advantages are reflected in the basic properties of the processed laser devices, in this 
chapter the temperature dependence of the threshold current and the lasing energy of 
various GaInNAs-based edge-emitting lasers is investigated and compared with the 
results obtained from InGaAsP and AlGaInAs-based lasers. 
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5.2 The Burn-In Effect 
The GaInNAs based edge-emitting lasers used in this study show a significant change in 
their properties in the first minutes of their operating lifetime. This bum-in effect is the 
strongest in the ridge-waveguide devices, but can also be observed in the broad area 
lasers. In figure 5.1 we plot the threshold current of a ridge-waveguide laser as function of 
bum-in time. 
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Figure 5.1 : Threshold current versus burn-in time of ridge-wavegulde device at RT 
Here, the Light-Current characteristics were measured as quickly as possible using pulsed 
currents with a short duty-cycle of 0.05 % in order to minimize the bum-in process 
during the measurement. Between the LI-measurements the lasers were driven in 
continuous wave (CW) - operation at a constant current of I-1.2 * Ith. The resulting 
threshold currents are represented as the closed circles. It can be seen that the threshold 
current of the laser decreases strongly in the first minutes of CW operation. After about 50 
minutes the strong decrease levels off and after about 100 minutes of burn-in time the 
threshold current remains effectively constant. The total reduction in threshold current in 
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the device shown is about 33% of the initial Ith. This as an average value for the ridge- 
waveguide lasers used in this study where the reduction of the threshold current due to the 
bum-in effect was typically between 25 and 40%. The bum-in effect is not restricted to 
the threshold current of the laser but also effects the emission wavelength and the slope 
efficiency of the device. 
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Figure 5.2 : (a) External differential quantum efficiency, rid, versus burn-in time (triangles) 
(b) Lasing Wavelength versus burn-in time (squares) 
In figure 5.2 (a) the external differential quantum efficiency, tad, as a function of burn-in 
time has been plotted. A strong increase (approx. 38%) of the slope efficiency is observed 
within the first 50 minutes of CW operation. Simultaneously a blue shift of the lasing 
emission wavelength (figure 5.2 (b)) of about 0% = 4.5 nm (3.8 meV) is observed. 
All the lasers measured show a qualitatively similar behaviour but no device was found 
that needed more than 100 minutes bum-in time for the threshold current, slope efficiency 
and lasing wavelength to become effectively constant. In order to ensure that burn-in 
effects did not influence the measurements that are presented in the following chapters, all 
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lasers discussed in this thesis underwent a 180 minutes burn-in time in CW operation 
above threshold unless stated otherwise. 
5.3 MBE grown 3-QW ridge waveguide devices 
In this sub-chapter the temperature dependence of the threshold current of 3 QW ridge- 
waveguide devices with a ridge width of 4 µm is studied. In figure 5.3 the light-current 
characteristic of a 700 µm long device at four different temperatures is plotted. 
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Figure 5.3 : Light-Current characteristics of 3 QW ridge-waveguide laser at four 
different temperatures 
The measurements were performed using pulsed currents with a pulse width of SOOns and 
a repetition rate of 10 kHz in order to avoid current heating effects. From the LI-plots the 
threshold current was determined according to chapter 2.5.1. Measurements above room 
temperature were performed using a Peltier element and a broad area germanium detector. 
For the low temperature measurements the laser clip was removed and placed into a 
closed cycle helium cryostat system (as discussed in chapter 3). Here the light output from 
the facet was measured using an optical multi-mode fibre and a Peltier-cooled InGaAs 
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detector. In figure 5.4 the threshold current density of a ridge-waveguide device versus 
temperature from T=80K to T=370K is plotted. 
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Figure 5.4 : Threshold current density, Jth, versus temperature, T, for a MBE 
grown GaInNAs ridge-waveguide edge-emitting laser 
The devices show an approximately exponential increase of the threshold current density 
with increasing temperature. From this data the characteristic temperature of the threshold 
current, T0(Ith), can be determined. In Figure 5.5 (a) a graph of ln(Jth) versus T is shown. 
From equation (2.36) the inverse of the slope of this plot gives the characteristic 
temperature. 
The linear regression (straight line) shows that T(1,,, ) remains approximately constant 
over a remarkably wide temperature range (80K to 250K) with a value of 116K. For 
temperatures larger then 250 K the plot becomes super-linear, indicating a more strongly 
increasing threshold current density with temperature and hence a decreasing T, To get a 
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more detailed variation of To with temperature a 3-point differentiation technique is used 
according to 
Tý = 
TZ -T with TZ > T, 
In 
IIh (T2) (5.1) 
Itn(T ) 
where Ith(Tl) and Ith(T2) are the threshold currents at T, and T2 respectively. Using this 
technique figure 5.5 (b) shows T0(Ith) versus temperature (triangles). 
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Figure 5.5 (a) In(J, h) versus temperature plot for ridge-waveguide laser (circles) 
(b) Characteristic temperature versus temperature for ridge-waveguide 
laser (triangles). 
It can again be observed that the characteristic temperature remains approximately 
constant at a value of T,, (I, h) - 115 K up to a temperature of 
250K. For temperatures 
greater than 250K the characteristic temperature decreases to a value of T,, (Ith) -- 65K at 
T=360K, which indicates that more temperature sensitive processes are becoming 
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increasingly influential in this temperature range. The room temperature (RT) value for 
the characteristic temperature was determined to be T0(Ith) - 85 K. This is significantly 
larger than the values for InGaAsP-based edge-emitting lasers, where T,, (Ith) is typically 
50-60K at RT. 
5.4 MBE grown SQW broad area devices 
The same analysis as in the previous chapter was then performed on an MBE grown 
single quantum well broad area devices. In figure 5.6 the threshold current density, Jth, as 
function of temperature (circles) ) for T=90K to T=370K is plotted. 
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Figure 5.6 : Threshold current density versus temperature (circles) for SQW 
broad area device, grown by MBE 
The corresponding variation of the characteristic temperature of the threshold current is 
plotted in figure 5.7 (triangles). 
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Figure 5.7 : Characteristic temperature versus temperature (triangles) for MBE- 
grown SQW broad area device 
It can be seen that Jth increases strongly with temperature from Jth - 230 A/cm2 at 150K to 
Jth - 2.3 kA/cm2 at 370 K. The room temperature value of the threshold current density 
was determined to be Jth - 650 A/cm2. 
Between 160K and 230K the threshold current density remains nearly constant with 
temperature resulting in very strong increase of the characteristic temperature, To, centred 
at 190K. This feature could qualitatively be observed for most of the broad area lasers 
studied and is due to an anomalous "bump" in the temperature variation of the radiative 
current, which will be discussed in more detail in chapter 6. For temperatures of T=240K 
and above T0(Ith) is decreases constantly from about 125K to about 40K at T=360K. The 
room temperature value of the characteristic temperature in this device is T(Ith) - 83K 
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which is very similar to the ridge-waveguide lasers. However the T0(Ith) at 360K is 40K, 
which is significantly lower than for the ridge-waveguide laser, where T0(Ith) - 65K. 
5.5 MOVPE grown DQW broad area devices 
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Figure 5.8 Threshold current density, J, h, versus temperature, T, for a MOVPE 
grown DQW GaInNAs broad area edge-emitting laser 
The third class of 1.3µm GaInNAs-based lasers considered in this thesis are double QW 
broad-area devices that were grown by MOVPE. The device details are shown in chapter 
3.7. Although the device structure is nominally very similar to the SQW broad-area laser 
and the ridge-waveguide device shown earlier, the threshold current density at RT of 
these devices is about 3 times larger. As will be shown later this is most likely due to 
increased inter-valence band absorption in the QWs due to a growth related p-doping in 
the SCH-region. The anomalous `bump' at low temperatures as observed in the SQW 
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broad area lasers is less obvious here, but as the T,, analysis in figure 5.9 shows, it is 
nevertheless present in the MOVPE grown lasers. Unfortunately the results for these 
lasers could only be obtained for temperatures up to 300K. This was due to the large 
currents required to reach threshold, which exceeded the current limit of the power supply 
used for temperatures above RT. 
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Figure 5.9 : (a) In(J(h) versus temperature plot for MOVPE grown DQNN' laser 
(circles). A linear regression over the whole temperature range (straight 
line) reveals a Ta of 84 K. 
(b) Characteristic temperature versus temperature for ridge-waveguide 
laser (triangles). 
Figure 5.9a shows ln(J, h) versus temperature for the MOVPE grown DW device. One 
observes a T,, that is very constant over the whole temperature range except for 
temperatures 120K <T< 200K where a similar `bump' as in figure 5.7 can be observed. 
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5.6 The Temperature Dependence of the Lasing Energy 
The lasing energy, Erase, of the devices was determined by measuring the emission 
spectrum from the facet of the device with an optical spectrum analyser. The lasers were 
operated in pulsed condition with a pulse width of 500ns and a duty cycle of 0.5%. 
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Fig. 5.10: Lasing Energy, El.,,, versus temperature, T, around room temperature, 
for (a) MBE grown ridge waveguide device (circles) and (b) MOVPE 
grown broad area device (squares). Straight lines show the linear 
regression. 
The lasers were operated at an injection current level of about 1.3 x Ith at each 
temperature. In figure 5.10 the lasing energy, Ejase, versus temperature, T, is plotted for 
the (a) ridge-waveguide device and the (b) MOVPE grown broad area laser around room 
temperature. It can be seen that Eiase varies linearly with temperature in this temperature 
range. The temperature dependence of Eiase for the ridged and the broad area laser in this 
temperature range were determined to be dE/dT = -0.34 meV/K and dE/dT = -0.33 meV/K 
respectively, which is the same within experimental uncertainty. This compares to a 
typical value of dE/dT - -0.28 meV/K for 1.3µm InGaAsP/InP lasers 13. 
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In figure 5.1 1 Eiase versus temperature for a broad area laser from T=20K up to T=300K 
(circles) is plotted. From this plot a curve (straight line) according to the Varshni 
equation'' has been fitted. 
'` 
E(T) = Eo -a,, 
T 
(5.1) 
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Fig. 5.1 1: Varshni fit of the temperature dependence of the lasing energy of 
MOVPE grown DQW broad area device 
The Varshni coefficients for these lasers were determined to be a, = (5.4 ± 0.5) x 10 '4 
eV/K and (i, - (370 ± 10) K. These values are consistent with those (or the band edge 
detcrmincd by Choulis el ul12 from photomodulated rctlcctancc studies on GaInNAs QW 
structures with a similar Nitrogen and Indium composition. 
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5.7 A brief comparison with AIGaInAs- and InGaAsP-based 1.3µm lasers 
In this final sub-chapter brief comparison is made of the temperature dependence of the 
total current at threshold of 1.3µm GaInNAs/GaAs-based lasers with 1.3µm lasers based 
on the more established material systems InGaAsP and AlGalnAs, which are grown on 
InP substrates. As shown in chapter 4 the threshold current densities of GaInNAs-based 
lasers emitting at 1.3µm has improved significantly in recent years and the best devices to 
date show threshold current densities between 200 and 300 A/em2. However, these values 
are still higher then those reported for InGaAsP and AlGalnAs based devices where 
threshold current densities as low as 100 A/cm` have been reported". l lmýever, the 
commonly used InGaAsP-based devices are significantly more temperature sensitive than 
GalnNAs-based lasers. 
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Fig. 5.12 Normalized (at 150K) threshold current density versus temperature for 
AIGalnAs- (squares), InGaAst'- (triangles) and (; alnNAs- (circles) based 
1.3µm edge-emitting lasers. 
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In figure 5.12 Jth versus T is plotted for a 1.3µm InGaAsP (triangles), a AlInGaAs 
(squares) laser taken from13 and a MBE grown SQW broad area GaInNAs device. For 
comparison the data has been normalized for all three lasers at T=150K. It can be seen 
that Jth of the GaInNAs device is much less temperature sensitive than the InGaAsP laser 
which results in an improved T. at RT of about 85K in comparison to 55K for the 
InGaAsP laser. However the temperature variation of Jth of the AlGaInAs laser is still 
slightly superior to the GaInNAs device, showing a To around RT of better than 95K. 
In order to get a better understanding of the origin of the temperature dependence of J, h in 
the GaInNAs lasers studied here it is essential to gather information about the relative 
importance of recombination mechanisms at threshold and how they influence the thermal 
characteristics of the material. This will be the main focus of chapter 6. 
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Chapter 6 
The Temperature Dependence of the 
Carrier Recombination Processes 
6.1 Introduction 
In this chapter a method will be presented, which enables the experimental determination 
of the monomolecular-, radiative- and Auger-related contributions to the threshold current 
of GaInNAs/GaAs-based edge-emitting lasers and their variation with temperature. This 
is achieved by measuring the spontaneous emission from a window, as described by 
Blood et all, in the laser substrate as a function of injection current and temperature. 
6.2 The Radiative Current 
As discussed earlier the spontaneous emission rate of a semiconductor laser is directly 
proportional to the radiative current flowing through the device. Measuring the integrated 
spontaneous emission rate of a laser as a function of injected current and temperature can 
therefore reveal useful information about the radiative processes in the device. In this sub- 
chapter the methods used for measuring and analysing the spontaneous emission are 
introduced and the temperature dependence of the radiative current for various GaInNAs- 
based edge-emitting lasers are compared. It will be shown that the characteristic 
temperature of the radiative current is significantly larger than the characteristic 
temperature of the total current at threshold, indicating that temperature sensitive non- 
radiative recombination must be present in the devices. 
6.2.1 Collecting the Spontaneous Emission 
The spontaneous emission was collected from a window milled into the substrate contact 
of the lasers, using the setup illustrated in chapter 3.3. In this configuration the SE will not 
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have undergone any significant amplification or absorption and hence the collected pure 
SE will be directly proportional to the radiative current. The SE spectra, measured with an 
optical spectrum analyser are numerically integrated to obtain the integrated spontaneous 
emission rate, LSE, according to 
1 22j LSE 
hc02 JPSEA 
dA (6.1) 
A1 
where h is the Planck constant, c is the velocity of light, AX is the spectral resolution of 
the optical spectrum analyser, XI and X2 are the integration limits determined by the sweep 
limits of the OSA and PSE is the measured optical power of the spontaneous emission at a 
wavelength X. 
By measuring the spontaneous recombination from a window in the substrate the 
spontaneous recombination of electrons with holes having x- or y-like (TE) character is 
detected, assuming negligible photon scattering. Radiative recombination via z-like (TM) 
valence band states will not be detected because the polarisation vector is in the direction 
of light collection. The resulting integrated spontaneous emission rate would therefore 
underestimate the total radiative current. However, in the GaInNAs lasers studied here 
this is not expected to be a problem, as due to the large heavy-hole ('/2x, 1/2y) to light-hole 
('/6x, I/ 6y, 2/3z) sub-band splitting (=114meV) in these compressively strained devices, the 
hole density in the light-hole band is expected to be negligible. From gain calculations (as 
discussed later in this chapter), it was calculated that recombination via light-hole states 
resulting in spontaneous emission of TM-like character is less that 0.05% of the TE-like 
spontaneous emission occurring via the heavy-hole states. Hence carrier recombination 
occurs via the heavy-hole band and is consequently of only x- and y-like character. It is 
therefore assumed that the measured spontaneous emission spectra are representative of 
the total spontaneous recombination in the devices. 
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In figure 6.1 (a) the SE spectra obtained at RT for a ridge-waveguide device for various 
injection current densities are plotted. It can be seen that above threshold the spectra do 
remain approximately constant, indicating a proper pinning of the carrier density. 
In figure 6.1 (b) the integrated spontaneous emission rate (circles), LSE, versus injection 
current density is plotted as determined from the measured spontaneous emission spectra 
using equation (6.1), while in figure 6.1 (c) the LI-characteristic (squares) from the laser 
facet is plotted. In both plots the threshold point is clearly visible at JU, - 950 A/cm2. 
Again a fairly good pinning of LSE above threshold can be observed. The value of the 
integrated spontaneous emission rate at threshold, LP;,,, gives a measure of the radiative 
current at threshold in arbitrary units. 
In figure 6.2 the same plots for a MBE grown SQW broad area device at RT are shown. 
The broad spontaneous emission spectra [fig. 6.2 (a)] shows strong dips at X- 1150nm 
and X- 1230nm. These features are interference effects, which were seen in most of the 
devices studied. They are due to partial reflections of the spontaneous emission on the 
various heterostructure interfaces as the light is collected perpendicular to the growth 
direction. For the measurement of the radiative current this is not a problem. There is no 
energy lost in the interference process and the integrated spontaneous rate, LSE, remains 
unaffected. However the strong interference features prevent any meaningful 
measurement of the halfwidth of the spontaneous emission spectra and its variation with 
temperature and carrier density, which will therefore not be concidered here. 
Another very important observation in this device is the poor pinning of the carrier 
density above threshold, which can be seen directly from the spectra [fig. 6.2 (a)] as well 
as from LSE [fig. 6.2 (b)] above 650 A/cm2. 
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Fig. 6.1 Emission from a 1.3µm ridge-waveguide laser at RT showing 
(a) Spontaneous emission spectra emitted from a windows for 
different current densities 
(b) Corresponding integrated spontaneous emission rate versus 
current density 
(c) Light-Current density characteristic from the facet of the device 
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As can be seen in figure 6.2 (a) some scattered light from the lasing mode was collected 
by the optical fibre, indicated by the sharp peak rising in the sponateous emission spectra 
above threshold. This contribution was sub tracted from the calculated LSE and is 
therefore not contributing to the increase of LSE above threshold. 
The non-pinning of the carrier density above threshold is tentativly associated with carrier 
localization effects due to the intrinsically strong alloy scattering of electrons in the 
GaInNAs material system. This will be discussed in more detail in chapter 6.2.2. 
In order to show that the origin of the peaks in the fig. 6.2 (a) is indeed an interference 
effect and not radiative recombination from higher sub-bands in figure 6.3 the 
spontaneous emission spectra just above threshold from low (top) to high (bottom) 
temperatures is plotted. Here the spectra have been offset for better clarity. It can be 
clearly seen that the maxima and minima of the spectrum stay at constant wavelengths 
with changing temperature as indicated by the dashed lines, while the band gap and hence 
the lasing energy (red circles) shifts to higher wavelengths according to the Varshni 
relation. This clearly indicates that the modulation of the spectra is due to interference 
processes. 
Finally in figure 6.4 we plot the results for theMOVPE grown DQW broad area laser at 
RT. Again a poor pinning of the carrier density above threshold and strong interference 
effects in the spontaneous emission spectra are observed. 
6.2.2 Pinning of the Carrier Density above Threshold 
In the previous chapter it was shown that in the broad area devices at room temperature 
the carrier density is not pinning well above threshold. In this chapter the pinning 
behaviour of the carrier density will be investigated in more detail and an explanation for 
the observed behaviour will be proposed. 
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As discussed earlier in chapter 2.6 a small amount of nitrogen has already a big effect on 
the band gap of the Ga(In)NXAs1_X alloy. While the valence band is hardly affected by the 
incorporation of nitrogen, the conduction band edge moves rapidly towards lower 
energies at a rate of up to 150-200 meV per % of nitrogen for N concentrations smaller 
than about 3 %. Fahy et al2estimated that this extreme variation of energy gap with 
nitrogen content will significantly enhance the alloy scattering of electrons compared to 
conventional Ill-V alloys. This can lead to strong carrier localization in this material;, 
which could explain the observed poor pinning of the carrier density above threshold. 
CB 
-- Eiase 
LLE 
º SE rate pins above Ith 
º SE rate does not pin above Ith 
Fig. 6.5 : Schematic of the effect of carrier localization due to alloy scattering on 
the pinning behaviour of the spontaneous emission rate above threshold. 
In figure 6.5 a schematic of the fluctuations of the CB edge of a GaInNAs quantum well 
due to statistical changes in alloy compostion is shown. Here the horizontal axis 
represents distance, x, in real space in a direction parallel to the QW plane. If the theramal 
energy of the electrons is smaller then the depth of the potential fluctuations the carriers 
will get localized in the local minima. In this situation only the electrons in potential 
minima that are below the lasing energy, Eiase, can take part in the lasing process and the 
carrier concentration and hence the spontaneous emission (blue arrows) will pin above 
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threshold. However, electrons that are localized in minima that are higher then Eiase can 
not take part in the lasing process. When pumped above threshold the number of carriers 
in these levels will continue to increase resulting in a non-pinning of the spontaneous 
emission (red arrows). 
When using this model to explain the poor pinning behaviour of the carrier density one 
would expect to see two main effects in the measured spontaneous emission spectra. 
Firstly the pinning should improve with increasing temperature as the electrons start to 
thermally escape from the potential wells. Secondly the non-pinning of the spontaneous 
emission should be significantly larger for energies E> Elase than for energies E< Eiase. 
In figure 6.6 the SE spectra for the ridge-waveguide GaInNAs laser for 6 different 
temperatures from 30K to 300K is plotted. In each graph the red line represents the SE 
spectrum at threshold. The three black spectra in each diagram show the SE for injection 
currents below and above threshold, where the spectrum with the largest amplitude was 
taken at about 1.4 * Ith. The current steps between the four spectra are equals spaced. It 
can be clearly seen that at low temperatures (30K - 200 K) the spontaneous emission and 
hence the carrier density is not pinning well above threshold. However at T=250K a 
dramatic improvement in the pinning behaviour becomes visible and at T=300 K the SE 
pins nearly perfectly. This observation is consistent with the model introduced earlier. 
In figure 6.7 the SE at three different equidistant current steps (red spectrum was taken at 
threshold) of a 1.3 µm GaInNAs/GaAs SQW laser is plotted. These lasers are from a 
different growth run than the MOVPE DQW lasers discussed earlier. Because of their 
poor performance these devices were not considered in the main analysis of this thesis, 
but due to their very poor pinning behaviour it is useful to look at them here. The inset of 
figure 6.7 shows the integrated spontaneous emission rate, LSE, versus current at RT. This 
shows that LSE is hardly pinning at all above threshold (dotted line). In addition the 
normalized facet emission spectrum of the device above threshold is plotted. 
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Fig 6.6 : SE spectra at equidistant current steps at six different temperatures. 
Here the red spectra were taken at threshold. It can be observed 
that the pinning of the SE above threshold improves for increasing 
temperature above 200K. 
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Fig. 6.7: SE spectra at T=300K for three equidistant current steps for a 
MOVPE grown GaInNAs edge-emitting laser. The red curve was 
taken at threshold. In addition the lasing spectrum taken from the 
facet was normalized into the graph. It can be seen that the pinning 
of the SE degrades for wavelengths lower then Xi, se. 
The inset shows the integrated SE, LsF., versus current at this 
temperature. Hardly any pinning above threshold can be observed. 
It can be seen that while on the low energy side of the lasing peak the SE pins very well, 
the pinning is increasingly degraded on the high energy side of the lasing line. This again 
supports the idea that, due to carrier localization, electrons in higher states cannot relax to 
the required lower energy levels to take part in the lasing process, resulting in a non- 
pinning of the SE at higher energies. 
Another point is, that one would expect these higher levels to start lasing when the device 
is pumped hard enough. This is an effect that is commonly observed in quantum dot 
lasers, where, due to statistically varying quantum dot sizes and the absence of an 
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adequate transport process for carriers between the dots a similar non-equilibrium 
situation occurs. 
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Fig. 6.8: Facet emission spectra from MOVPE grown SQW GaInNAs laser 
taken just above Ith and at 2* Ih. It can be observed that for the 
higher pump current more and more modes at higher energies start 
lasing. 
In figure 6.8 the lasing spectrum from the facet just above threshold (narrow peak) and 
the output spectrum at two times threshold current (broad peak) for the MOVPE SQW 
laser of figure 6.7 is plotted. It can be observed that the output spectrum at the higher 
pump current gets increasingly multimodal, with most of the additional modes being on 
the high energy side of the original lasing mode. This finding is again consistant with the 
model introduced at the beginning of this chapter. 
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6.2.3 The Temperature Variation of the Radiative Current 
current 
In order to get information about the temperature variation of the radiativ 
lthc 
analysis 
presented in figures 6.1,6.2 and 6.4 is now performed as a function of temperature. 
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In figure 6.9 the integrated spontaneous emission rate, LSE, versus injection current for 
two different temperatures around RT for a ridge-waveguide laser (a) and a MBE grown 
broad area device (b) is plotted. From this plot both the characteristic temperature of the 
radiative current, To(I, ad), from the value of LSE at threshold and the characteristic 
temperature of the total current at threshold, To(Ith), can be determined. One can observe 
that for the ridged device (a) T(, (I, id) - 313 K while To(Ith) - 90 K around RT. For the 
MBE grown broad area device (b) we obtain T,, (I, ad) - 230 K while To(Ith) - 85 K around 
RT. The corresponding values for the MOVPE grown broad area laser in this temperature 
range were determined to be To(I, ad) - 220 K while To(Ith) - 80 K. These results clearly 
indicate that the devices are not dominated by radiative recombination in this temperature 
range but by a rather more temperature sensitive, non-radiative recombination path. The 
origin and magnitude of this non-radiative recombination processes will be analysed in 
detail later in this chapter. 
In figure 6.10 the temperature variation of the radiative current in arbitrary units as 
determined from the integrated spontaneous emission rate at threshold for the ridge- 
waveguide (grey circles), the MBE grown broad area (black circles) and the MOVPE 
grown broad area laser (open squares) is plotted. For comparison the plots were 
normalized at T=300K. It can be observed that Imd increases in a similar way for all three 
devices for temperatures T> 250K. For temperatures 160K <T< 240 Ka much reduced 
increase and in the case of the MBE broad area device even a decrease in Id is observed, 
leading to a bump in the Imd versus T plot, which is a very unusual observation for a QW 
laser. The behaviour of the radiative current in this temperature range is the origin of the 
peak in the characteristic temperature of the threshold current in figures 5.7 and 5.9 and 
can qualitatively be observed in most of the GaInNAs lasers that were studied. 
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lt is assumed that this effect has its origin in the same strong nitrogen-induced spatial 
fluctuations of the bandgap energy, which are responsible for the poor pinning of the 
carrier density above threshold. As illustrated in figure 6.5 at low temperatures carriers 
localise in potential minima higher than the lasing energy and cannot take part in the 
lasing process as there is no effective transport mechanism for carriers from one potential 
minimum to another. As a quasi-equilibrium cannot be achieved this leads to a higher 
carrier density at threshold and, hence, a larger radiative current. Willi increasing 
temperature, thermal excitation out of the potential minima can provide the necessary 
transport mechanism to more nearly achieve a quasi-equilibrium. Carriers that contributed 
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to a `wasted' parallel current path at lower temperatures can now take part in the lasing 
process, which effectively reduces the number of carriers that have to be additionally 
injected to reach threshold, leading to a less strong increase or even decrease in the 
radiative current as observed in the experiment. A similar effect has been observed for 
quantum dot lasers, which are ideal examples of strongly inhomogeneous devices4. 
6.3 The Non-Radiative Current Paths 
In the previous sub-chapter the temperature dependence of the radiative current in 
arbitrary units was determined by measuring the pure spontaneous emission from a 
window in the substrate contact. The results show that the lasers are dominated by a 
temperature sensitive non-radiative recombination processes at room temperature. In 
order to gather more information about the absolute values of the radiative current and the 
non-radiative processes at threshold the carrier density dependence of the threshold 
current as a function of temperature will now be investigated as described in 
chapter 2.5.3. 
6.3.1 The Current Spreading Problem 
As described in chapter 2.5.3 an important assumption for the analysis of the carrier 
density dependence of the threshold current is that equation (2.27) can be rewritten over a 
limited range of n as Ia nZ . This is only meaningful 
if the pumped volume, V, of the 
active region stays constant with varying injection current and temperature. However, as 
the carriers have to travel a distance of about 1-2 µm from the current confining ridge 
(ridge waveguide device) or contact stripe (broad area device) to the active region, a 
certain amount of current spreading will occur. As the current spreading will depend on 
the carrier mobility and density this effect will be strongly temperature and current 
density sensitive, resulting in a change of V with varying temperature and injection 
105 
current. In order to estimate an upper limit for the magnitude of this effect the maximum 
current spreading is assumed to be about 11im on each side of the ridge or contact stripe. 
In the case of the broad area devices with their 50µm wide contact stripes this leads to a 
maximum variation in the pumped volume of 4 %. As will be seen later this is well within 
the experimental uncertainty of the analysis presented here and is therefore considered to 
be acceptable. However the ridge-width of the ridge-waveguide laser is only 4µm and 
assuming the same amount of current spreading as in the previous case this could result in 
a maximum error in the pumped volume of up to 50%. This is the reason why all the key 
analysis presented in the following sub-chapters will be based on the broad area devices. 
6.3.2 Verifying that Jrad oc n2 
In the analysis of the carrier density dependence of the threshold current it is assumed, as 
introduced in chapter 2, that I. n,, x n, I, ad a n2 and 'Aug oc n3. These expressions are 
based 
upon the Boltzmann approximation and while it is safe to assume that this is valid for low 
carrier densities, this might not be the case for the high carrier densities required to reach 
threshold in a semiconductor laser. To estimate how well the Boltzmann approximation 
holds it is calculated how the spontaneous emission rate varies as a function of carrier 
density for the SQW GaInNAs/GaAs (MBE) broad area laser. The gain model used in this 
analysis has been developed (and the calculations were performed) by S. Tomic and E. P. 
O'Reilly and is discussed in detail elsewheres'6. The model is based on a realistic ten-band 
k" p Hamiltonian. The basis states (which are each doubly spin-degenerate) include the 
highest valence bands (i. e., heavy hole, light hole and spin-split-off) and the lowest CB of 
the InyGa1_yAs host material, and two additional spin degenerated basis states representing 
the nitrogen resonant level. The model has been applied successfully to predict the gain 
characteristics of dilute-nitride QW-lasers7'a. To determine the nitrogen, conduction and 
valence band edge energies at the F -point, first model solid theory9 was used to give 
the 
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relative band alignment and valence band offset of the unstrained GaAs barrier and "host" 
InyGai. yAs well materials. The effect of replacing a fraction x of As by N was then 
calculated assuming that the unstrained alloy conduction band edge and valence band 
edge in the well shift linearly with x, where the parameters necessary were constrained 
using tight binding supercell calculations1°. The built-in hydrostatic and axial strain in the 
QW was included using interpolated alloy deformation potentials and the calculations 
were further refined by fitting the k" p results to the interband transitions observed in 
micro-photomodulated reflectance measurements performed on the processed laser 
devices by S. Choulis. The theory neglects direct N-VB coupling, and any changes in the 
spin-orbit splitting with N-content. In figure 6.11 the resulting band structure of a SQW 
quantum well laser is plotted. A strong non-parabolicity is clearly visible in the 
conduction band, produced by the interaction with the resonant N-level. 
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Fig. 6.11: Calculated band structure at RT of 6.4 nm wide SQW 
GaInNAs/GaAs laser. The indium and nitrogen concentrations 
in the QW region are 36% and 1.7% respectively. 
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The gain and SE spectra were then calculated using the density matrix formulation", 
including Lorentzian broadening. 
In figure 6.12 (a) the calculated radiative current density versus N` is plotted, where N is 
the square root of the product of the density of electrons, ny,,, and holes, py,,, in the 
quantum well. In figure 6.12 (b) the same data is plotted on a log(J,.,,, ) versus log(N) scale. 
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Fig. 6.12 : Calculated J,, versus carrier density for SQW broad area device. 
In the Boltzmann regime the slope of this plot should be equal to 2. The calculated slope 
for the SQW GaInNAs device was determined to be 1.75, where the slope was measured 
over the range 1/2 Nth to Nth in order to be consistent with the experimentally determined Z 
in chapter 6.3.3. This means that in our case Jrad a n1 
75 over this range. As there arc 
inherent uncertainties involved in band structure and gain calculations it is therefore 
believed that it is reasonably justified to assume that Jru&i a n` within the accuracy of the 
model used. In addition the power factor at threshold, Z, h, is only used as an indicator to 
identify the recombination processes present. As will be shown later the current 
contributions at threshold are determined independently of Zui. The fact that the radiative 
recombination at threshold scales with n1 75 rather then n2 will therefore not change the 
proportions of the different recombination mechanisms determined. 
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N =(n QW. PQW)112 [cm"2J 
6.3.3 Thermally Activated Leakage Current 
As can be seen from equation 2.27 the measurement of the power factor Z will only give 
meaningful information about the carrier density dependence of the threshold current 
when the thermally activated leakage current, Ijeak, as discussed in chapter 2.4.4 is 
negligibly small. It is therefore essential to investigate if thermally activated leakage 
currents are likely to give any significant contribution to the total current at threshold in 
the GainNAs-based 1.3µm devices. 
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Calculated band alignment and barrier occupation probabilities for 
electrons in InGaAsP/InP, AlGalnAs and GalnNAs quantum wells 
In figure 6.13 the calculated band line-ups of the quantum wells and the corresponding 
barrier occupation probabilities for electrons at RT are plotted, as taken from Sweeney a! 
a1'2, for InGaAsP/InP, AlGaInAs/InP and GaInNAs/GaAs (SQW MBE-broad area 
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device) 1.3µm lasers. Here the band alignment for the GaInNAs laser was calculated 
using the model described in chapter 6.3.2 while the band structure of the lap-based 
devices was derived using a more conventional 4-band approach from Silver and co- 
workers, details of which can be found elsewhere 13,14,15 It can be seen that the GaInNAs 
laser has a large valence band offset of about 260 meV. The barrier occupation probability 
for electrons was then calculated using Fermi-Dirac statistics at RT, where the electron 
quasi-Fermi level at threshold was assumed to be equal to the energy level of the first 
confined state in the QW (horizontal lines in the QWs in figure 6.13). It can be seen that 
our model predicts the barrier occupation probability for electrons at RT in the GaInNAs 
QW to be less than 0.01% in comparison to the much larger values of -0.3% and '-9% for 
the AlGaInAs and InGaAsP devices. We are therefore confident that it is justified to 
consider thermally activated leakage currents to be negligible in GaInNAs 1.3µm lasers. 
6.3.4 The Power Factor Z at Threshold 
In order to obtain information about the nonradiative processes present, the power factor 
Z at threshold (Zth) was determined as described in chapter 2.5.3. To give an example how 
Zh is determined, in figure 6.14 In I versus ln(LSEV2) at four different temperatures is 
plotted as measured for a MBE broad area device. The spectra were artificially offset for 
better clarity. Here Z was determined by measuring the slope of a linear regression of the 
data over a current range of approximately 1/2 Ith up to Ith. 
In this case Zth was observed to increase from Zth - 1.58 at 240K to Zth -1.94 at 300K. 
This analysis is now performed from T=130K to T=370K. In figure 6.15 the resulting 
values for Zth for the MBE (squares) and the MOVPE (triangles) grown GaInNAs devices 
are plotted. 
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Fig. 6.14 Determination of the power factor Z at threshold (/, h) b} 
measuring the slope of a linear regression of the data over a 
current range of approximately 1/2 I, h up to 1, b. 
For comparison the measured Z, 1, for a 1.5µm InGaAs-based laser (circles) are included as 
measured by Sweeney"). The InGaAs lasers measured by Sweeney showed no evidence of 
defect related, monomolecular recombination and are dominated by Auger recombination 
around RT. These properties are reflected in the measured Z, f, of these lasers. For the 
InGaAs/InP laser the power factor Z, i, increases from a value of Z,,, = 2.1 at lo%ý 
temperatures, where the device is dominated by radiative recombination, to a value of Z, I, 
2.9 at high temperatures, indicating that there Auger recombination is the dominant 
process, if, as was suspected, leakage currents are negligible. For the M13[ grown 
GainNAs/GaAs device we observe a value of Z, j, 1.6, at low temperatures, which 
decreases slightly from 130K to 200K. 
3.0 
2.8 
2.6 
2.4 
2.2 
InGaAs i 
GaInNAs (MOVPE) 
GaInNAs (MBE) 
N 2.0 
1.8 
1.6 
1.4 
1.2 
ý, ýý 'j", ' ýý ýýý.: 1 
l 
.r -- 
ý tý`ý 
`ý" ý1 
j0 L- 
50 100 150 200 250 
T IK) 
300 350 400 
Fig. 6.15 Power factor close to threshold Z,,, as a function of temperature for 
InGaAs (circles) and GalnNAs-MBE (squares) and GalnNAs-, NIO l'F 
(triangles). The InGaAs devices show a transition frone a radiativeh 
dominated I, n (ocn2) at low temperature to an Auger dominated 1,,, (ocn') 
at high temperature. In contrast I, h for the GainNAs devices are strongl} 
influenced by monomolecular recombination at low temperature (an). 
With increasing temperature Z, h increases due to the presence of 
radiative (ocn) and Auger (ocn) recombination processes. 
This low value of Z, h signifies the presence of a significant monomolecular Current 
contribution at threshold. For temperatures higher then 200K the power factor Z, i, 
increases strongly reaching a value of Zti, = 2.8 at 370K, suggesting the presence of Auger 
recombination. For temperatures higher then 370K Z, i, is expected to stay approximately 
constant at a value of about 3 indicating that the device is now entirely dominated by 
Auger recombination. Unfortunately this could not be verified experimentally due to the 
upper temperature limit of 100°C of the Peltier element used. The MOVPE grown 
GaInNAs device shows an even lower value of Z, h 1.3 at 130K, which increases slightly 
to Zti, 1.4 at 180K again indicating the presence of a significant monomolecular current 
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contribution at threshold. For temperatures higher then 180K ZtJ, increases quickly up to a 
value of about Z, h 2.8 at 300K. This result suggests that at RT Auger recombination is 
more dominant in the MOVPE grown GaInNAs lasers than in the MBE grown GainNAs 
devices. 
6.3.5 The Monomolecular Current 
For a quantitative evaluation of the results from the previous subchapter in figure O. I6 the 
same data as was shown in figure 6.14 is plotted. 
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Fig. 6.16 Same plot as Fig. 6.14. One can observe that for currents 
smaller than about 1,1, /5 one finds Z,,,,, = I, indicating that the 
device is entirely dominated by monomolecular 
recombination through defects. 
When analysing the power factor Z for low injection currents (Zi,,,, ) it is observed that the 
power factor Zl,,,,, = 1, indicating that the device is entirely dominated by monomolecular 
recombination through defects for injection currents that are smaller than about Ith/5. This 
behaviour was observed in all GaInNAs lasers measured in this study. Fitting it linear 
function with the slope Z1,,,, =I onto the plot at low currents allows the quantification of 
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the monomolecular current contribution I,,,.,,,., at threshold. This procedure is illustrated in 
figure 6.17. At this temperature (T = 180 K) the nionumolccular current euntrihutc. " to 
about 70% of the total current at threshold. This is consistent with the observed low value 
of Z, h(180K) 1.5 from figure 6.15. 
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Fig 6.17 Ln (1) versus In (L''2) plot at T= 180 K for a GalnNAs 
(11ßE) laser. At low currents we observe that lan due to the 
strong influence of monomolecular recombination. By 
extrapolating this behaviour we determine the 
magnitude of the monomolecular recombination current 
at laser threshold. 
This analysis is now extended for the MBE and the MOVPE grown devices over all 
temperatures and in Figure 6.18 the monomolecular current density at threshold as it 
function of temperature is plotted. It is found that at the lowest temperature of 
1 I30K 
the monomolecular current contributes about 72% to the total current threshold 
in the 
MOVPE grown device, compared to about 60% in the MBE grown laser. This finding 
is 
consistent with the lower value of Z, i, 1.3 (fig. 6.15) of the 
MOVPE device at this 
temperature compared to Z, h 1.6 for the MBE grown laser. 
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Fig. 6.18: Total threshold current density per QW (triangles) and monomolecular 
recombination current density per QNV (circles) at threshold for \IBF: (a) 
and MOVPE (b) grown GainNAs lasers. 
6.3.6 The Auger Current 
The results from figure 6.18 enable the removal of the monomolecular current 
contribution from the total current at threshold. With theramal leakage currents assumed to 
be negligible, as discussed earlier, equation (2.27) can now be modified to become 
1, 
c'.,, =1roti, l -1,,, 01O =eV(Bn2 
+C'n3ý (0.2) 
where Ixest equals the remaining current and is assumed to consist only of a radiative and 
an Auger-related current contribution. The current Ire,, as a function of temperature is then 
plotted for the MBE and the MOVPE grown device in figure 6.19 (open squares). 
Assuming that the Auger process is negligible at low temperatures', will he due 
entirely to radiative recombination in this temperature range. As the radiative current and 
its variation with temperature has been determined before in arbitrary units frone the SF 
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spectra (Fig. 6.10) these results (closed circles) are now normalised onto the plots in 
figure 6.19 at low temperature. 
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Rest Current density Jre,, =J, h-J,,,,,,,,, (open squares) and radiatiNe current 
density Jrad (closed circles) versus temperature for (a) M HF. and (b) 
MOV'PE grown GalnNAs laser. The radiative current density has 
been calculated by normalising the integrated spontaneous emission at 
threshold to Jr,,, at low temperature. 
It is observed that for temperatures T _< 
230K the radiative current determined from the 
spontaneous emission spectra of the MBE device (a) shows the same temperature 
dependence as the current component Jrest within experimental error, including the 
anomalous bump. This supports the assumption that this current component is entirely 
radiative at low temperatures. For temperatures T> 230 K, Jest increases much more 
strongly than Jrad, indicating the presence of an additional, strongly temperature 
dependent, non-radiative current contribution. In the same temperature range it strong 
increase in the power factor Z, I, (figure 6.15) up to Z11 2.8 at 370K 
is observed, 
identifying a process that is proportional to n3. This is strong evidence that the idcntilied, 
additional non-radiative process for temperatures T> 230K is due to Auger 
116 
recombination. For the MOVPE grown device (b) a similar behaviour can be observed. 
However in these lasers the rest current, J,, St, starts to deviate from the radiative current 
line at a much lower temperature of T& 180K. This observation is again consistent with 
the strongly increasing value of Zth (figure 6.15) in the same temperature range again 
indicating a process that is proportional to n3 and hence identifying Auger recombination 
processes. 
Subtracting the radiative contribution Jrad from Jest leaves the Auger current JAu8Cr. In 
figure 6.20 the current densities per QW at threshold of the three recombination processes 
Jmo,, o (circles), J, ad (triangles) and JAuger (squares) are plotted for the MBE 
(closed 
symbols) and the MOVPE (open symbols) grown GaInNAs lasers.. 
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Fig. 6.20: Monomolecular (circles), radiative (triangles) and Auger 
(squares) current density at threshold for the GaInNAs/GaAs MBE 
(closed symbols) and MOVPE (open symbols) grown lasers. Jiug« has 
been calculated from Jth4mono4rad as previously determined. 
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These results reveal that around room temperature, which is the temperature range of 
interest for applications, the Auger current density per well at threshold in the MOVPE 
grown devices (JAug7-- 760 A/cm2) is about four times larger than in the MBE grown 
lasers (JAugeI -- 180 A/cm2). The radiative current density per well in the MOVPE lasers 
(Jrad -- 195 A/cm2) is about two times greater than in the MBE devices (Jrad 110 A/cm2) 
and the monomolecular contribution accounts for Jmono - 565 A/cm2 (MOVPE) in 
comparison to J. o - 360 A/cm2 (MBE). 
Assuming that the recombination coefficients A, B and C are the same in the MOVPE and 
the MBE grown lasers the ratio of the threshold carrier densities in the two devices 
nth(MOVPE)/nth(MSE) can be determined from the measured current densities. 
AnTMo VPE 565 nMOVPE th __ __ Ih c 1.56 (5) 
An h" 360 n, h aE 
/B(n: OVPE 
_ 
MOVPE 
__ 
rh . 1.33 (6) 
B(yirý BE )2 11 filth 
BE 
C nMOVPE 
rZ6 
nMOVPE ,h3 
c\n! 
h 
BE %11h BE 
1.61 (7) 
The fact that the ratio nth(MOVPE)/nth(MBE) is not very different for the three experimentally 
determined recombination processes indicates that a larger threshold carrier density in the 
MOVPE grown device in comparison to the MBE laser, could alone explain the larger 
current densities of all three recombination processes at room temperature. From this it is 
concluded that the larger threshold current densities in the MOVPE material is not due to 
a hugely different defect related current but is more likely associated with additional 
temperature dependent optical loss processes in the MOVPE grown material. Because of 
the large spin-orbit splitting in GaAs, longer wavelength devices based on this material 
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system are likely to be very sensitive to intervalence band absorption" and its variation 
brought about by different distributions in the p-doping. Therefore, this alone may 
account for the different characteristics of the MOVPE and MBE devices and this is the 
subject of ongoing research. 
6.3.7 The Recombination Coefficients 
Using the model described in chapter 6.3.2 the carrier density at threshold as a function of 
temperature for the SQW (MBE) broad area device was calculated by Tomic". The results 
are plotted in figure 6.21. 
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Fig. 6.21 : Calculated carrier density at threshold for SQW broad area devices. 
For calculations of the temperature dependence of nth, the internal losses were assumed to 
be invariant with temperature and equal to 4 cm-1. The confinement factor was calculated 
to be 1.5%. To get better agreement with the experiment, a temperature dependent 
Lorentzian line broadening parameter b was varied from 5=17.5 meV at T=300K up to 
6=33 meV at T=370 K. This is consistent with the work of Hofmann et a! 
8 who obtain a 
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value of 18meV at room temperature. This variation was also justified by comparing the 
measured spontaneous emission spectra at threshold with the spectra calculated in the 
framework of the 10-band kp model, assuming 6 as a fitting parameter. 
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Fig. 6.22 Monomolecular, A (closed circles), radiative, B (closed squares) 
and Auger, C (closed triangles) recombination coefficients for the 
SQW device. These coefficients have been calculated using the 
experimentally measured temperature variations of Jmono, Jrad and 
J, uger and the calculated 
temperature variation of nth. 
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Using the experimentally determined Imono, Iran and Innger the recombination coefficients of 
the three processes for the SQW device are now estimated by dividing the measured 
current component by the appropriate power 1,2 or 3 of the calculated threshold carrier 
density. In figure 6.22(a) the monomolecular recombination coefficient, A (closed 
circles), as a function of temperature is plotted. At threshold, assuming the simple model 
of a free carrier capture, as described in chapter 2.4.2.2 equation (2.26) yields that for 
mvth2/2 oc kT it follows that vthocT'12 and hence A oc T112. For comparison a normalised A 
oc T'/2 plot (solid line) is included in figure 6.22(a) and it is observed that, up to room 
temperature, the model is in good agreement with the determined temperature variation of 
A. In figure 6.22(b) the radiative recombination coefficient, B, as a function of 
temperature (closed squares) is plotted. In addition in figure 6.22(b) the theoretical values 
for B (open squares) derived employing the 10-band model as described earlier are 
included. An excellent agreement is observed except for the lowest temperatures. This is 
due to the anomalous bump in the radiative current in that temperature range, which 
cannot yet be described with the theoretical model employed. 
Figure 6.22(c) shows the Auger coefficient C (closed triangles). Interestingly, these 
values are of similar magnitude to reported values of the Auger coefficient for 1.311m 
InGaAsP-based devices, for which C is typically in the range 1-8x1029cm6s'' 19,20. This 
indicates that Auger recombination is also an important intrinsic recombination 
mechanism in GaInNAs. To support this result, ke figure 5.12 from chapter 5.7 is 
replotted in figure 6.23 but this time the monomolecular current contribution is removed 
from the threshold current for the GaInNAs device. It is observed that the rest current 
Irest = Ith-Imono of the GaInNAs laser (circles) shows a similar temperature dependence as 
the InGaAsP based device (triangles) which reflects in an identical characteristic 
temperature around RT for both devices. This indicates that Auger recombination is of 
similar importance in both devices. 
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based 1.3µm edge-emitting lasers and threshold current 
density with monomolecular component removed for 
GalnNAs device. 
The results show that for the SQW device around room temperature, which is the 
temperature range of main interest for applications, about 55% of the total current at 
threshold is due to monomolecular recombination through defects. This implies that 
removing the monomolecular component by improving the growth process could halve 
the room temperature threshold current of the devices. In these lasers the radiative 
component contributes about 20% and Auger recombination accounts lör about 251'%%% of 
the total current at threshold at RT. This may seem to be a disappointing result, as the 
Auger contribution is not reduced in comparison with conventional InGaAsP/lnP based 
lasers. However the lasers analysed here are SQW devices, which will have a significantly 
higher threshold carrier density compared with 3QW devices, due to the lower optical 
confinement factor and lower differential gain at threshold (since the gain versus carrier 
density relationship is approximately logarithmic in a QW). With a reduced n, the Auger 
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process, which is proportional to n3, will be reduced much more strongly than the 
radiative (a n2) and the monomolecular contribution ( oc n ). Consequently, the relative 
contribution of the Auger current at threshold in an optimised 3QW device should be 
lower than observed in the SQW devices. In Figure 6.24 the power factor Z, h versus 
temperature for the GaInNAs/GaAs SQW laser (closed squares) and the 3QW ridge- 
waveguide device (open circles) is plotted. 
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Fig. 6.24: Power factor at threshold vs. temperature for SQW (squares) 
and 3QW (circles) devices. At high temperature, the SQW 
devices exhibit higher Z,,, due to the higher n, b and 
correspondingly higher Auger current contribution. 
At low temperature, for the 3QW device a lower value of Zth than for the SQW device is 
observed, which is consistent with an expected larger relative contribution of the 
monomolecular recombination at lower n. For the 3QW laser Zth increases less rapidly 
with temperature compared with the SQW laser, leading to a maximum value of Z, h 2.4 
(3QW) in contrast to Zth -- 2.8 (SQW). This lower value of Zth 
indicates that increasing the 
number of quantum wells has reduced the relative contribution of the Augcr 
recombination current. This effect can also be seen when comparing the temperature 
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dependence of the threshold current of the two devices. In figure 6.25 the threshold 
current density per QW versus temperature for the 3QW (open circles) and SQW (closed 
circles) devices is plotted. 
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Fig. 6.25: Threshold current density per well vs. temperature for 
GaInNAs/GaAs 3QW (open circles) and SQW (closed circles) 
devices. 
It is clearly visible that Jth increases much more strongly with temperature for the SQW 
laser then for the 3QW device. This again indicates that the Auger recombination 
contribution to the total current at threshold is reduced in the 3QW lasers. It is interesting 
to note here that in the GaInNAs/GaAs materials system, the SQW device still exhibits 
reasonably low values of Jth. This is in contrast to InGaAsP-based devices where, due to 
the effects of both low optical confinement and carrier spill-over, it is usually necessary to 
include at least four quantum wells for optimised room temperature operation's. This 
again highlights the intrinsic superiority of the GaInNAs/GaAs materials system. 
Using the 10-band model, as described earlier, the carrier density at threshold as a 
function of temperature for the 3QW ridge-waveguide laser is calculated. For the 
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calculations the internal losses were assumed to be equal to 10 cm's and invariant with 
temperature21. The confinement factor was calculated to be 5.3 %. The same broadening 
parameters were used as for the SQW laser in figure 6.21. In figure 6.26 the calculated nth 
versus temperature for the 3QW laser (dashed line) together with the results from fig. 6.21 
(solid line) is plotted. 
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Fig. 6.26: Calculated carrier density at threshold for SQW (solid line) 
and 3QW (dashed line) devices. n,,, for the SQW devices 
increases more strongly at high temperature due to the lower 
optical confinement factor and lower differential gain. 
Assuming negligible leakage currents and that the recombination coefficients determined 
are the same in the SQW and the 3QW device the calculated threshold carrier density, nth, 
of the 3QW laser and equation (2.27) can now be used to plot (figure 6.27) the expected 
variation of Jth with temperature (open squares) compared with the measured results 
(closed circles). Good agreement is observed, indicating that the different threshold 
carrier density of the SQW and the 3QW devices can reasonably explain the different 
temperature variation of the threshold current. 
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Fig 6.27: Measured and calculated Jih for the 3QW device. This was 
calculated using the previously determined values of the 
recombination coefficients A, B and C for the SQW device. 
Assuming that these are the same for the 3QW device, these 
together with the calculated temperature variation of nlh(3QW) 
we determine Jt,, (T). 
6.4 Summary - Chapter 6 
The magnitudes of the monomolecular, radiative and Auger recombination current paths 
at threshold in MOVPE and MBE grown -1.3µm GaInNAs/GaAs-based broad area 
semiconductor lasers with nearly identical nominal material parameters as a function of 
temperature were quantified. By measuring the power-law dependence of the threshold 
current on carrier density it was found that at low temperature (-130K), close to 
threshold, Iocn1.3-1.6 whereas for InGaAsP/InP devices, Iocn2 (radiatively dominated) over 
the same temperature range. This clearly shows that defect-related recombination (an) is 
very significant in GaInNAs/GaAs-based devices in contrast with InGaAsP/InP-based 
lasers. With increasing temperature, the power dependence of the current increases such 
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that at 300K (MOVPE) and 370K (MBE), Iocn2.6-2.8 . This is consistent with the onset of 
Auger recombination for which Iocn3. By measuring the integrated spontaneous emission 
at low currents, a region where Iocn was identified, where the current is solely due to 
monomolecular recombination. By extrapolation, the contribution of this current path to 
the total threshold current was estimated and it was found that in this material, defect- 
related recombination is a significant current path over a wide temperature range, 
resulting in a monomolecular current density of 360A/cm2 (MBE) and J.,, 0 565 
A/cm2 (MOVPE) at room temperature. In addition, by measuring the integrated 
spontaneous emission at threshold the variation of the radiative current as a function of 
temperature was extracted. From these measurements the absolute values of these current 
paths over the entire temperature range was determined and further estimated that, at 
room temperature, the radiative recombination current density per well is J,. d -- 110 A/cm2 
(MBE) and (Jrad 195 A/cm2 (MOVPE). Finally the Auger recombination process 
contributes JAuger 180 A/cm2 (MBE) and JAuger -- 760 A/cm2 (MOVPE) to the total 
current density at threshold. The strongly increased Auger recombination rate in the 
MOVPE grown devices can be explained with an increased threshold carrier density, due 
to additional optical loss processes in the MOVPE grown material. 
Using the measured temperature variations of J,,, o0, Jrad and JA8 together with theoretical 
calculations of nth the values of the recombination coefficients, A, B and C as a function 
of temperature were calculated. 
These results indicate that by removing the defect-related current path, the threshold 
current density could be approximately halved to values comparable with traditional 
InGaAsP/InP-based lasers making this material very attractive for VCSELs and other 
integrated GaAs-based devices. 
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Chapter 7 
The Hydrostatic Pressure Dependence of the 
Threshold Current and the Lasing Energy 
7.1 Introduction 
In this chapter measurements of the threshold current, Ith, and the lasing energy, Eimief of 
GaInNAs-based semiconductor diode lasers as a function of hydrostatic pressure are 
performed. As discussed in chapter 2.7, the direct band gap of III-V semiconductor alloys 
increases with pressure, providing a powerful tool to investigate band gap dependent 
recombination mechanisms. A piston-in-cylinder system (as described in chapter 3.6) was 
used to apply hydrostatic pressure up to 1.2GPa. The light from the facet was collected 
via an optical fibre and was analysed with an optical spectrum analyser to determine the 
lasing wavelength or with a fibre coupled optical power meter to measure the 
LI-characteristics. The devices used in this study are GaInNAs MQW ridge-waveguide 
lasers (ridge width=4µm), as introduced in chapter 3.7. The devices have a cavity length 
of 350µm and emit at 1.29µm at room temperature and atmospheric pressure (RTP). For 
all of our measurements the lasers were operated under pulsed conditions and in bare chip 
form. Typical pulsed (pulse width=1µs, duty-cycle=0.1%) measured values for the 
threshold current (Ith) and T. are -22mA and -90K respectively at RTP. 
7.2 The Hydrostatic Pressure Dependence of the Lasing Energy 
In Fig. 7.1 the measured change in Erase as a function of pressure for the GaInNAs 
(crossed squares) is plotted together with typical data for a 1.3µm InGaAsP device 
(circles)'. In this plot the open (closed) symbols represent the data taken with increasing 
(decreasing) pressure. The complete reversibility of the data indicates that the measured 
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devices were not damaged during the experiment. For the InGaAsP device, dE1ese/dP (as 
taken from2 is constant over this pressure range at a value of 89meV/GPa. This is 
consistent with the typical pressure dependence of the band gap for the InGaAsP alloy3. 
In contrast, the GaInNAs-based device exhibits a strong, sub-linear change in lasing 
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Fig. 7.1 : The change in lasing energy with pressure for InGaAsP/InP (circles) and 
GaInNAs/GaAs (crossed squares). Note that for the GaInNAs/GaAs 
devices the open and closed symbols correspond to increasing and 
decreasing pressure respectively. We observe similar linear pressure 
coefficients, dE, a,. /dP of 89 and 86meV/GPa for the InGaAsP- and GaInNAs-based devices respectively. However, whilst d2E,... /dP2=0 for 
the InGaAsP devices, it has a value of d2E, a. e/dP2=-21 meV/GPa2 for the GaInNAs devices due to the increasing interaction of the band edge with 
the N-level, which remains almost constant in energy as pressure is 
applied. 
energy with pressure. The corresponding pressure coefficients were determined to be 
dEwe/dP=86meV/GPa and d2Eiase/dP2=-21 meV/GPa2. This can be explained by an 
increased interaction of the conduction band edge with the N-level, which remains almost 
constant in energy, over the pressure range applied. This is consistent with high-pressure 
InGaAsP/InP 
dElase/dP = 89 meV/GPa 
d2Elase/dP2 =0 meV/GPa2 
dElase/dP = 86 meV/GPa 
d2Eiase/dP2 = -21 meV/GPa2 
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photo-modulated reflectance measurements on GaInNAs material6 and demonstrates the 
unusual nature of the alloy band-structure and the importance of the interaction of the N- 
level with the conduction band7'8. From a device perspective it is now interesting to 
investigate how this may influence the threshold current of the devices. 
7.3 The Hydrostatic Pressure Dependence of the Threshold Current 
Previous studies' have shown that the threshold current of 1.3µm and 1.5µm InGaAsP- 
based devices always decreases with increasing hydrostatic pressure due to a reduction of 
the Auger recombination rate with increasing band gap. At 1.3µm Auger recombination 
forms -50% of Ith in InGaAsP devices at RTP'. The first reversible increase in Iih with 
pressure in a 1.3µm semiconductor laser was observed with a AlGaInAs-based device9, 
where it was found that non-radiative recombination forms only -20% of Ith at RTP. 
In Figure 7.2 for comparison the normalised results for the threshold current versus 
pressure for InGaAsP- (triangles) and AlGaInAs- (circles) devices (taken from) are 
plotted, where the solid lines are a guide to the eye. Ideally, the radiative current (IRad) 
varies as IRadocEg2 1,3, as indicated for the GaInNAs device by the dashed line. The 
measured threshold current as a function of pressure of the GaInNAs-based device is 
represented by the square symbols. Although it was shown earlier that at RTP Auger 
recombination contributes approximately 20% to the total current at threshold, it can be 
observed that Ith of the GaInNAs device increases even more quickly with pressure than 
expected for a purely radiative device, which is a very unusual finding. While the 
different pressure dependencies of the InGaAsP and AlGaInAs devices can be readily 
explained by using a combination of radiative and Auger recombination, this is not 
possible for the GaInNAs lasers. 
A possible explanation for the strong increase of Ith in the GaInNAs devices is again the 
increasing interaction of the nitrogen level and the CB-edge with increasing pressure, 
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which will increase the electron effective mass, m, ., resulting in an increased density of 
states and hence an increased threshold carrier density. 
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Fig. 7.2 : Normalised variation of I,,, as a function of pressure for the CaInNAs- 
based devices (squares). For comparison, typical data for InGaAsP- 
(triangles) and AlGaInAs- (circles) based devices are also shown. The 
solid lines are meant as a guide to the eye. The dashed line represents the 
Ideal variation of the radiative current, IR, docEg2, for the GaInNAs 
devices. We observe that Initially 1, h(P) M IRad(P) but It Increases more 
rapidly at the highest pressures. This Is In contrast to the behaviour of 
InGaAsP lasers for which I,,, decreases with pressure due to the strong 
effect of Auger recombination and for AlGalnAs lasers where I,,, 
Increases slightly but Is still Influenced by the presence of Auger 
recombination. 
To verify these assumptions in figure 7.3 the calculated pressure variation of nth for a 
1.31im GaInNAs QW laser is plotted as calculated by Tomic10, employing the model 
based on the 10-band kp Hamiltonian as described earlier. It can be seen that nth 
increases by approximately 12% over a pressure range of 10 kbar. It is therefore possible 
that the increase in nth and the resulting even stronger influence on the n2 (radiative) and 
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n3 (Auger) dependent processes will more than compensate the decrease in the Auger 
coefficient, C, with increasing pressure. 
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Fig. 7.3 : Pressure dependence of the threshold carrier density (n, h) for 1.3µm 
GaInNAs laser. We find that n, h shows a strong increase with 
increasing pressure of about 12% at 10 kbar due to the increase in 
conduction band effective mass. 
That the strong increase of Ith with hydrostatic pressure in 1.3µm GaInNAs laser diodes is 
indeed due to an increasing CB effective mass has recently been confirmed 
experimentally by Jin et al'0. They have performed an analysis similar to that introduced 
in chapter 6 by measuring the spontaneous emission from a window in the substrate of 
the laser as a function of hydrostatic pressure. Using the same 1.5 GPa pressure system as 
described in chapter 3.6 they were able to determine the absolute monomolecular, 
radiative and Auger related current contributions at threshold as a function of pressure as 
well as the corresponding recombination coefficients. Here the lasers investigated were 
the same MBE grown SQW broad area devices as used in this thesis. The results, as taken 
from1°, are shown in figure 7.4. 
134 
0.90 
02468 10 12 14 16 
Pressure (kbar) 
Q 
I', nn 
L- i. vu 
1000 
C 
800 
1::: 
E 200 
rn n 
1.3µm-GainNAs SQW lasers 
at RT I 
ý19"- ---------- 
---- E2 Aug 
9 
I 
=yýx_ 
=' ý0 2468 10 12 14 
06 
06 
Pressure (kbar) 
Fig. 7.4 : Threshold current (squares) and the corresponding monomolecular 
(diamonds), radiative (circles) and Auger (triangles) related current 
components versus pressure for 1.31im GaInNAs SQW broad area 
laser. 
It can be observed that the monomolecular contribution (diamonds) increases only 
slightly with pressure, while the radiative current (circles) increases even stronger than 
expected for an ideal quantum well laser (oc Eg2). The most surprising result is that the 
Auger recombination process (triangles) shows a strong increase with pressure as well, in 
contrast to the InGaAsP and AlGaInAs devices''9, where a decreasing Auger current was 
observed. Jin et al show that the Auger coefficient, C, in the GaInNAs devices is 
decreasing by -12% (this compares to -30% in InGaAsP) over the pressure range studied 
but the strong increase of nth of -12% leads to a rise in the Auger related current which is 
proportional to n3. These findings are also consistent with the observation that the 
radiative current (oc n2) is increasing even more quickly than Egg. The monomolecular 
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recombination coefficient A was found to be approximately constant with increasing 
hydrostatic pressure. 
From these results one would therefore expect to observe an even stronger increase of Ith 
with pressure in GaInNAs devices that have initially (at RTP and assuming that the 
recombination coefficients are very similar) a higher carrier density than the ridged 
device shown in figure 7.1, as the Auger related current (oc n3) would be more dominant 
in this case. To verify this in figure 7.5 the normalised Ith versus temperature is plotted for 
a MOVPE grown MQW broad area laser (circles) that has a three times larger threshold 
current density at RTP. This is associated with an increased nth due to additional optical 
loss processes like inter-valence band absorption (see chapter 6.3.5). For comparison we 
include the data for the ridged MBE grown device from figure 7.1. 
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Fig. 7.5 : Normalised variation of I(h as a function of pressure for the CaInNAs- 
based MBE (squares) and MOVPE (circles) grown devices. 
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It can be clearly observed that, as expected, there is a much stronger increase in Ith with 
pressure for the MOVPE lasers than for the MBE grown devices, reinforcing the validity 
of the results obtained earlier. 
7.4 Summary - Chapter 7 
Measurements of the threshold current, Ith, and the lasing energy, Eiaseq of GaInNAs-based 
semiconductor diode lasers as a function of hydrostatic pressure were performed. A 
sublinear increase of Eiase was observed which was associated with an increasing 
interaction of the CB edge with the resonant nitrogen level. The corresponding pressure 
coefficients were determined to be dEiase/dP=86meV/GPa and d2EiaSe/dP2=-21 meV/GPa2. 
The threshold current of the devices shows an even stronger increase with pressure than 
expected for a purely radiative device. This is due to a strong increase of the carrier 
density at threshold of -12% at 10 kbar, as predicted by theoretical modelling. 
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Chapter 8 
The Temperature and Pressure Dependence of 1.31im 
GaInNAs/GaAs Vertical-Cavity Surface-Emitting Lasers 
8.1 Introduction 
Up to this point only GaInNAs-based edge-emitting devices were discussed. In this final 
experimental chapter the information gathered so far will be used to develop a predictive 
model for the temperature and pressure dependence of the threshold current of 
vertical-cavity surface-emitting lasers. Here the experimental data for the temperature 
and pressure dependence of Jth and Eiase for the GaInNAs - VCSEL was provided by 
Knowles1'2 and the theoretical gain modelling was performed by Tomicý'3'a. 
8.2 Basic VCSEL Concepts 
In order to understand the mechanisms that determine the temperature and pressure 
variation of the threshold current in VCSELs it is important to introduce some of the basic 
concepts of this kind of semiconductor laser. As previously shown in Figure 2.4 (ii) the 
active region of a VCSEL (usually multiple quantum wells) is orientated perpendicular to 
the optical field of the laser cavity. This means that the overlap of the optical field and the 
quantum wells is only the thickness of the quantum wells, which is much less than in an 
edge-emitting laser, where many periods of the optical standing wave interact with the 
gain medium. To compensate for the small modal gain the optical feedback in the VCSEL 
has to be increased, which is achieved by using high reflectivity mirrors. The reflectivity 
needed to operate a typical VCSEL can be as high as R-0.999, which cannot be achieved 
by metallic mirrors. The solution to this problem is the use of distributed Bragg-reflectors 
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(DBR), which are made from a stack of pairs of quarter-wave thick materials with 
different refractive indices. In case of GaAs-based active regions the DBRs usually 
consist of AlAs and GaAs allowing reflectivities of R>0.999 to be easily achieved. 
Sandwiching the active region between the Bragg reflectors creates a very small cavity, 
the size of which, as well as the thickness of the quarter-wave pairs, has to be carefully 
matched to the desired wavelength of the cavity mode. 
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Fig. 8.1: Representative un-normalised reflectance spectrum of a 
GaInNAs/GaAs/AIAs VCSEL. Stop band and cavity mode (CM) 
can be clearly identified [taken from sj 
In figure 8.1 a representative un-normalized reflectance spectrum of a 1.24µm 
GaInNAs/GaAs/AIAs VCSEL is illustrated (taken from5) One can easily identify the high 
reflectivity stop band of the DBRs, which has a spectral width of about 150nm and where 
the centred dip indicates the position of the cavity mode. In a typical VCSEL emitting 
around 1.3µm the longitudinal mode spacing in the micro-cavity is of the order of 500- 
600nm. This means that the cavity mode is the only mode within the stop band and hence 
the only mode that will experience a high optical feedback, leading to a single mode 
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output spectrum. As a consequence of the CM determining the lasing wavelength the 
device can only operate if the CM experiences sufficient gain at this energy. This means 
that CM, Bragg reflectors and gain spectrum have to be precisely matched in order for the 
device to operate, which puts high demands on device design and growth quality. 
However, once all the design problems are overcome the VCSEL design offers a lot of 
advantageous properties like single mode operation, circular output beam, small beam 
divergence, low threshold currents, low cost and the possibility of on chip integration in 
electronic circuits. This makes the VCSEL the ideal candidate as an emitter in optical 
communication applications. 
8.3 Gain-Cavity Mode Detuning 
An intrinsic problem of the VCSEL design is, that even if the CM and the peak of the gain 
are ideally aligned at a given temperature and pressure, this alignment will detune when 
the ambient temperature or pressure is changed. Changing the temperature of the laser 
affects the gain spectrum in two ways. Firstly, increasing (decreasing) the temperature 
broadens (narrows) the carrier energy distribution resulting in a broadening (narrowing) 
of the gain spectrum and a reduction (increase) in the peak gain6. Secondly, the band gap 
of the material decreases (increases) according to the Varshni relation? and at the same 
rate the gain peak moves to lower (higher) energies. On the other hand the variation of the 
CM position with temperature is only dependent on the change of the optical path length 
in the cavity due to the temperature variation of the refractive index and thermal 
expansion of the crystal. The temperature-induced shift of the gain spectrum is typically 
about 4 times larger then the shift of the cavity mode, which leads to a detuning effect. In 
figure 8.2 (a) the temperature induced gain-CM detuning is illustrated. 
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Figure 8.2 Gain-CM detuning mechanism due to 
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Here the black vertical line represents the energy position of the cavity node at a given 
temperature and the black curve represents the corresponding, ideally aligned gain 
spectrum at the threshold carrier density, nth. When increasing the temperature and 
keeping the carrier density constant, (dashed red lines) the gain spectrum broadens, the 
peak gain is reduced and the spectrum shifts to lower energies at a faster rate than the 
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CM. As a result the CM detunes to the high-energy side of the gain spectrum. The modal 
gain is now smaller then the required threshold gain and the device cannot lase. To 
compensate for this, the gain and hence the carrier density has to be increased by 
increasing the injection current. 
For decreasing temperature the same process occurs, but this time the gain spectrum 
narrows, the peak gain increases and the CM detunes to the low energy side of the gain 
spectrum. The effect of the detuning due to increasing temperature on the threshold carrier 
density is in most cases less strong than the effect of decreasing temperature, as the slope 
of the gain spectrum is usually less steep on the high-energy side. This is especially true 
for GaInNAs-based VCSELs due to their intrinsically broad gain spectrum, as will be 
shown later in this chapter. This shows that it is not necessarily desirable to have a perfect 
alignment of the gain peak and the CM of the laser at room temperature. It is 
advantageous to design the laser in a way that the CM is initially slightly on the low 
energy side of the gain spectrum. When the laser heats up in operation the gain-CM 
alignment will improve, resulting in a more temperature stable operation. It will be shown 
later in chapter 8.4 that this could be realized in the GaInNAs investigated here. 
In figure 8.2 (b) the hydrostatic pressure induced gain-CV detuning is illustrated. 
Hydrostatic pressure affects the band gap of the material as discussed in chapter 2.7. The 
resulting shift of the gain spectrum is again several times larger than the pressure 
variation of the CM leading to the same detuning effects as in the temperature dependent 
case. As the temperature is assumed to be constant during the change in pressure, no 
thermal broadening of the gain spectrum occurs. It can be seen that decreasing pressure 
will have a stronger affect on the threshold carrier density than increasing pressure as the 
CM detunes to the high-energy side of the gain spectrum where the slope is less steep. 
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8.4 The Pressure Dependence of J,,, of a GainNAs-based VCSEI. 
The VCSEL structure investigated is an intra-cavity contacted vertical cavity surface 
emitting laser8 as illustrated in figure 8.3. 
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Fig. 8.3: 1.3 µm Gain1As/GaAs %'CSF]. structure with intro-ca-'ity contact 
configuration. 
The cavity is formed by a top DBR consisting of 28 pairs of undoped AlO. xGa2,2As/GaAs 
mirrors and a bottom DBR consisting of 34 pairs of undoped AlAs/GaAs mirrors. The 
active regions consists of 2 GaInNAs/GaAs quantum wells with a nominal nitrogen and 
indium content of 1.8% and 35% respectively. This means that the active region has very 
similar specification to that of' the SQW broad area laser we have investigated earlier, 
which has a nitrogen and indium content of 1.7`%, and 36% respectively. Finally, an 
oxidisable layer of AlAs adjacent to the cavity`' was used to form a current aperture of 
approximately 11 pm diameter. 
In chapter 8.3 it was shown that hydrostatic pressure has a strong influence on the 
threshold carrier density, nti,, of a VCSEL due to gain-CM dctuning cffccts. To measure 
the gain peak-CM alignment and to determine the detuning rate with increasing pressure 
the device was placed in the 1.5 GPa hydrostatic pressure system as described in chapter 
3.6 and the lasing wavelength and the threshold current as a function of' applied 
hydrostatic pressure was measured. In figure 8.3 the measured lasing energy versus 
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pressure results for the VCSEL (closed circles) together with the results from the EEL 
(open squares) from chapter 7 are plotted. 
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Fig 8.3: Lasing Energy versus hydrostatic pressure for GaInNAs-based VCSEL 
(closed circles) and Edge Emitter (open squares) with nominally identical 
active regions. 
As the EEL has a nominally identical active region to the VCSEL its lasing energy, Eiau, 
will give a good estimate of the energy position of the gain peak of the VCSEL. One can 
see that at atmospheric pressure and room temperature the cavity mode of the VCSEL is 
tuned about 24 meV to the low energy side of the gain peak. With increasing pressure the 
lasing energy of the EEL and hence the gain peak moves to higher energies at a rate of 
dE/dP = 73 meV/GPa while the cavity mode and hence the lasing energy of the VCSEL 
moves to higher energies at a significantly lower rate of dE/dP = 17 meV/GPa. This leads 
to increasing gain-cavity mode detuning with pressure of 56 meV/GPa. 
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In Figure 8.4 the measured pressure dependence of the threshold current of the VCSEL 
(closed circles) and the EEL (open squares) is plotted, where the threshold currents were 
normalised at atmospheric pressure. 
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Normalized threshold current versus hydrostatic pressure at RT for 
GaInNAs-based VCSEL (closed circles) and EEL (open squares) with 
nominally identical active regions 
It can be clearly observed that the threshold current of the VCSEL increases continuously 
with increasing pressure. This is consistent with the previous finding that the cavity mode 
is initially aligned on the low energy side of the gain peak. The very strong increase of I(h 
in comparison to the EEL is mainly determined by the significant increase of the 
threshold carrier density due to the gain-CM detuning on the steep low-energy side of the 
gain spectrum1° as qualitatively predicted by the model from chapter 8.3. 
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8.4.1 Modelling Jth versus P for a VCSEL 
In order to model the pressure dependence of the threshold current in a VCSEL more 
precisely the same theoretical model as introduced in chapter 2 was used to calculate the 
gain spectrum and the threshold gain of the device. 
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Fig 8.5 : Calculated gain spectra for various carrier densities for Ga1nNAs- 
based VCSEL 
In figure 8.5 the resulting gain spectra for the active region of the GaInNAs VCSEL are 
plotted. It can he clearly seen that the theory predicts the material system to show a broad 
gain spectrum with a half width of up to 230 meV. The threshold gain of the device was 
determined to be gth - 800 cm-1. The calculated threshold gain and gain spectra, the 
measured energy position of the CM at room temperature and pressure and the known 
gain-CM detuning rate with pressure can now be used to determine the threshold carrier 
density, nih, of the VCSEL as a function of pressure. Here it is assumed that the calculated 
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gain spectra will not vary significantly over the small pressure range of 0.4 GPa 
considered here. The method is illustrated in figure 8.6. 
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Here the black vertical line represents the energy position of the CM at atmospheric 
pressure and the black horizontal line is the threshold gain. By finding the calculated gain 
spectrum g(n) that crosses the intersection of gain and cavity mode one can estimate the 
value for 11th at this pressure. As the relative gain-cavity detuning rate was determined to 
be dE/dP = 56 meV one can now scan across the fixed threshold gain line to obtain n, i, as 
a function of pressure. In figure 8.7 the resulting variation of the carrier density (closed 
circles) with pressure is plotted. 
By substituting the determined values for nth and the room temperature values of the 
recombination coefficients A, B and C, as determined in chapter 6 into equation 2.27, the 
threshold current density as a function of pressure can be calculated. 
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Here it is assumed that A, B and C are not varying as a function of pressure over the small 
pressure range (0.4 GPa) considered here and that any leakage currents are negligible. The 
measured (closed circles) and calculated (open squares) current densities versus pressure 
are plotted in figure 8.8. Very good agreement of theory and experiment is achieved. 
8.5 The Temperature Dependence of J,,, of a GainNAs-based VCSE1. 
In figure 8.9 the lasing energy of the VCSEL and the EEL as a (unction of tenmperature is 
plotted. 
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Fig. 8.9 : Lasing Energy, Ejai., versus temperature, 't', for (: alnN. As-based H: H: 1. 
(squares) and V('SEI_ (circles) with nominally identical active regions. 
E. of the EEL provides the energy position of the gain peak. 
As seen before in figure 8.3 the CM of the VCSEL at Ri' is initially aligned on the steep 
low energy side of the gain spectrum. With increasing temperature Eaý, ý. of the Ill. 
decreases at rate of dE/dT - -0.34 meV/K while the CM of the VCSEL moves to lower 
energies at a much lower rate of dE/dT - -0.08 meV/K. As predicted by the simple model 
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of chapter 8.3 the resulting gain-CM detuning rate of about -0.26 meV/K leads to an 
improvement of the gain-CM alignment with increasing temperature. The ideal gain 
peak-CM alignment is reached at a temperature of about 350K. For temperatures larger 
then 350 K the CM will start to detune to the high energy side of the gain spectrum. 'Ihcse 
effects should be observable in the temperature variation of the threshold current of the 
VCSEL device. 
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For comparison the results are normalised at the point of ideal gain-cavity 
alignment (350 K). 
In figure 8.10 the threshold current versus temperature of the FEI_ (squares) and the 
VCSEL (circles) are plotted. For comparison the results have been normalircd at the 
temperature where the ideal gain-CM alignment occurs (-35OK). For temperatures 
180K <T <250K the threshold current ofthe VCSEL decreases strongly with increasing 
temperature. This strong decrease can mainly be explained by a reduction of the threshold 
carrier density due to an improving gain-CM alignment as discussed earlier. For 
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temperatures 250K <T< 350K the threshold current remains fairly constant. In this 
temperature range the gain-CM alignment is still improving, resulting in a reduction of 
nth. However, the general temperature induced increase in nth and the increasing Auger 
recombination coefficient in this temperature range, as indicated by the strongly 
increasing threshold current of the EEL, counteract the effect of the improving gain-CM 
alignment. The resulting temperature insensitive operating range of about 100K highlights 
the good design of this VCSEL device. For temperatures T> 350 K the cavity mode starts 
to detune to the high energy side of the gain spectrum and the threshold current increases 
strongly. It is interesting to note that the temperature dependence of the VCSEL and the 
EEL above the ideal gain-CM alignment point is very similar. This is indicating that the 
additional increase in nth due to gain-CM detuning in the VCSEL above 350K is not 
significant over the small temperature range studied here. This will be confirmed in the 
next chapter. 
8.5.1 Modelling Jth versus T for a VCSEL 
The theoretical modelling of the temperature dependence of the threshold current uses the 
same method as discussed in chapter 8.4.1. Here the threshold gain is assumed to be 
constant over the temperature range studied. However, in contrast to the pressure 
dependent analysis it is not possible to use the same set of calculated gain spectra for each 
temperature. As discussed in chapter 8.3 the gain spectrum will broaden and the peak gain 
will be reduced with increasing temperature. It was therefore necessary to calculate a 
separate set of gain spectra for each temperature. Having done so the threshold carrier 
density as a function of temperature can be determined using a threshold gain 
gth = 800 cm" and a gain-CM detuning rate of -0.26 meV/K. 
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In figure 8.11 the threshold carrier density, nth, versus temperature is plotted. As expected 
nth decreases strongly with increasing temperature up to about 300K. For temperatures 
T> 350K the increase in nth is only very small although the CM detunes on the high 
energy side of the gain spectrum. This can be explained with the intrinsically broad gain 
spectrum as shown in figure 8.5. This nearly constant value of nth above 350K is 
consistent with the finding that Jth of the VCSEL and the EEL show a similar variation 
with temperature in this temperature range. Jth versus T for the VCSEL can now be 
calculated using the values for A(T), B(T) and C(T) as determined in chapter 6 and 
equation (2.27) assuming that leakage currents are negligible. The results are plotted in 
figure 8.12 and good agreement between experiment and theoretical model is achieved. 
8.6 Summary - Chapter 8 
In this chapter a predictive model for the temperature and pressure dependence of the 
threshold current of a 1.3µm GaInNAs-based vertical cavity surface emitting laser was 
developed. This was achieved using the recombination coefficients determined for the 
SQW edge emitting device in chapter 7 and the calculated gain spectra using the model 
introduced in chapter 6. We find that experiment and the model are in excellent 
agreement. This reinforces the validity of the findings from chapter 7. The VCSEL 
studied shows excellent performance with a very temperature stable operating range from 
250K to 350K, which underlines the good design of these devices. 
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Chapter 9 
Thesis Conclusions and Further Work 
9.1 Introduction 
In this thesis measurements were undertaken to determine the relative importance of 
radiative, Auger and defect related recombination at threshold in 1.3µm GaInNAs/GaAs 
semiconductor lasers as a function of temperature and pressure. It was found that defect- 
related monomolecular recombination is an important current path in GaInNAs lasers 
produced by both MBE or MOVPE. It was also found that Auger recombination is 
important at room temperature and above and that, due to the unusual conduction band 
structure of GaInNAs, this leads to an unexpected pressure dependence of the threshold 
current at room temperature. The results of this thesis were set in the context of the work 
of several other groups in order to give the reader an insight into the present 
understanding of GaInNAs-based lasers and the various approaches that could be 
undertaken to improve their characteristics. 
9.2 Thesis Review and Conclusions 
The thesis was started in chapter 1 with giving a brief motivation and presenting the thesis 
outline. 
In chapter 2 an overview was given about the theory of operation and design of 
semiconductor lasers. Models for the threshold current, Ich, and its characteristic 
temperature, T0(Ith), were introduced for use in the subsequent chapters. 
In chapter 3 the experimental techniques used to characterise the various 1.3µm 
GaInNAs-based semiconductor lasers investigated in this study were introduced. 
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Schematics of the experimental setups were illustrated and important issues such as the 
limitations and the practical implications of the various techniques were discussed. 
This was followed in chapter 4 by an historical review outlining recent developments in 
the device performance of GaInNAs/Ga(N)As quantum-well lasers, emitting in the 
telecommunication wavelength range of 1.3 - 1.55µm. A clear trend of strongly 
increasing threshold current density with emission wavelength was observable, which is 
attributed to increasing non-radiative recombination with increasing nitrogen content 
and/or increasing Auger recombination with decreasing bandgap. In addition it was 
observed that the characteristic temperature, To, of 1.3µm GaInNAs-based QW lasers 
tends to decrease with decreasing threshold current density indicating that defect related 
non-radiative recombination has a strong influence on the measured To. 
In chapter 5 the temperature variation of the threshold current density, Jý and the lasing 
energy, Eiase, were investigated for the various GaInNAs-based edge-emitting lasers 
considered in this thesis. Around room temperature (RT), which is the temperature range 
of interest for practical applications, the characteristic temperature of the threshold 
current, T0(Ith), was found to be -90K, -85K, and -80K for TQW ridge-waveguide 
(grown by MBE)), SQW broad area (grown by MBE) and DQW broad area devices 
I,: ýýar 
(grown by MOVPE), respectively. This is then''for InGaAsP-based 1.3µm lasers, where 
typically T0(Ith) 50-60K'. Around RT Erase varies linearly with temperature for the 
GaInNAs devices at a rate of dE/dT -0.33 meV/K compared to a value of 
dE/dT ---0.28 meV/K for 1.3µm InGaAsP devices2. The Varshni coefficients for the 
MOVPE grown device were determined to be a,, = (5.4 ± 0.5) x 104 eV/K and (370 
± 10) K. These values are consistent with those for the band edge determined by 
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Choulis et a! 3 from photomodulated reflectance studies on GaInNAs QW structures with 
similar Nitrogen and Indium compositions. 
In chapter 6 the magnitudes of the monomolecular, radiative and Auger recombination 
current paths at threshold in MBE and MOVPE grown -1.31im GaInNAs/GaAs-based 
semiconductor lasers as a function of temperature have been experimentally quantified. 
By measuring the power-law dependence of the threshold current on carrier density for 
MBE and MOVPE grown -1.3µm GaInNAs/GaAs-based semiconductor lasers as a 
function of temperature it was found that at low temperature (-130K), close to threshold, 
Iocn1.3"''6 whereas for InGaAsP/InP devices4, Iocn2 (radiatively dominated) over the same 
temperature range. This clearly shows that defect-related recombination (an) is very 
significant in GaInNAs/GaAs-based devices in contrast with InGaAsP/InP-based lasers. 
With increasing temperature the power dependence of the current increases such that at 
300K (MOVPE) and 370K (MBE), Iocn2.6-2.8 . This 
is consistent with the onset of Auger 
recombination for which Iocn3. By measuring the integrated spontaneous emission at low 
currents, a region where Iocn was identified, where the current is solely due to 
monomolecular recombination. By extrapolation, the contribution of this current path to 
the total threshold current was estimated and it was found that in this material, defect- 
related recombination is a significant current path over a wide temperature range, 
resulting in a monomolecular recombination current density of J,,, oo 360A/cm2 (MBE) 
[55% Jth] and J,,, ao 565 A/cm2 (MOVPE) [37 % Jth] at room temperature. In addition, 
by measuring the integrated spontaneous emission at threshold we extract the variation of 
the radiative current as a function of temperature. From these measurements we determine 
the absolute values of these current paths over the entire temperature range and further 
estimate that, at room temperature, the radiative recombination current density per well is 
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J, ad -- 110 A/cm2 (MBE) [17% Jth] and (Jrad -- 195 A/cm2 (MOVPE) [13% Jth]. Finally the 
Auger recombination process contributes JAuger 180 A/cm2 (MBE) [28% J, h] and JAuger 
760 A/cm2 (MOVPE) [50% Jth] to the total current density at threshold. The strongly 
increased Auger recombination rate in the MOVPE grown devices can be explained with 
an increased threshold carrier density, due to additional optical loss processes in the 
MOVPE grown material. The results imply that removing the monomolecular component 
by improving the growth process could halve the room temperature threshold current of 
the devices. Combining these results with theoretical gain modelling yields values for the 
recombination coefficients A, B and C as a function of temperature, which were found to 
be remarkably independent of the growth method. 
The hydrostatic pressure dependence of Jth and Eiase of the MBE grown GaInNAs ridge- 
waveguide laser was investigated in chapter 7. A pronounced sub-linear increase in the 
lasing photon energy with pressure was observed, which is due to the interaction of the 
conduction band minimum with a higher-lying N-related resonant band. The 
corresponding pressure coefficients were determined to be dEiflSe/dP=86meV/GPa and 
d2Eiase/dP2=-21 meV/GPa2. In contrast for the InGaAsP device, dEiese/dP is constant over 
this pressure range at a value of 89meV/GPa 5. This is consistent with the typical pressure 
dependence of the band gap for the InGaAsP alloy6. In addition we observe a strong and 
reversible increase of the threshold current with pressure, which theoretical calculations 
predict to be due to an increase of the electron effective mass of about 12% over a 
pressure range of 1.0 GPa and a resulting increase of the radiative (ocn2) and Auger (ocn3) 
recombination rate. Jin et a17 experimentally verified these results. The data clearly 
highlight the strong effect nitrogen has on the band structure and on the laser 
characteristics. 
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Finally, in chapter 8 the temperature and hydrostatic pressure dependence of 
GaInNAs/GaAs vertical-cavity surface-emitting lasers was investigated. The experimental 
results show the devices have a broad gain spectrum, resulting in good device operation 
over a wide temperature range. The effect of temperature and pressure induced gain- 
cavity detuning processes on the threshold carrier density, nth, was modelled by 
combining theoretical gain modelling with experimental results on GaInNAs edge- 
emitting lasers with nominally identical active regions. Using the recombination 
coefficients determined in chapter 6 the temperature and pressure dependence of Jth was 
calculated and good agreement with experiment was observed. 
9.3 Future Work 
"The outcome of any serious research can only be to make two questions grow where 
only one grew before. " 
This remark from the economist Thorstein Veblen (1857-1929) is also applicable in the 
case of this thesis. In the course of this work valuable new insights about the 
recombination mechanisms in 1.3µm GaInNAs semiconductor quantum-well lasers were 
gathered. However, many new questions arose that could not be addressed in the time 
available, but which should be considered in the future. 
For instance, it would be very useful to be able to measure the integrated spontaneous 
emission both as a function of temperature and pressure. It would be then possible to 
perform the analysis presented in chapter 6 at various pressures, revealing information 
about the band gap dependence of the various recombination processes. 
Still not much is known about the precise origin of the defect related current in these 
devices. If the samples become available it would therefore be very interesting to compare 
the monomolecular current contribution at threshold for nominally identical GaInNAs 
lasers with varying nitrogen content. 
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Further theoretical study of GaInNAs/GaAs lasers would also be very useful. The 
modelling of IVBA and its variation bro+about by fluctuations of the p-doping in the 
GaAs waveguide layer would be particularly useful. It would also be interesting to see if 
the anomalous "bump" in the integrated spontaneous emission versus temperature plots 
can be reproduced by including non-equilibrium effects due to nitrogen induced potential 
fluctuations into the theoretical model. 
The bum-in effect, as described in chapter 5, is another interesting effect that is not yet 
explained and needs to be addressed. 
Finally the whole set of experimental techniques, described in this thesis, could be applied 
to other material systems. Here it would be particularly interesting to have a look at 
GaInNAs: SbJiere a dilute amount of Sb is introduced into the GaInNAs growth process 
(see chapter 4). The Sb acts as a surfactant and effectively increases the critical thickness 
of the strained layers and improves the layer quality. GaInAsSb is another candidate for 
1.3µm lasers that would be interesting to look at. These experiments would provide useful 
information about the recombination processes in these material systems and could give 
an indication, which of these emerging technologies shows the most promise for 1.3 or 
even 1.55µm applications. 
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